El Nino Southern Oscillation stability under global warming. by Ferrett, Samantha Joanne
El Nin˜o Southern Oscillation stability
under global warming.
Submitted by
Samantha Joanne Ferrett,
to the University of Exeter as a thesis for the degree of
Doctor of Philosophy in Mathematics, May 2015.
This thesis is available for Library use on the understanding that it is copyright
material and that no quotation from the thesis may be published without proper
acknowledgement.
I certify that all material in this thesis which is not my own work has been identified
and that no material has previously been submitted and approved for the award of
a degree by this or any other University.
(Signature) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1
2
Abstract
Typically, multi-model ensemble studies show mixed responses of El Nin˜o Southern
Oscillation (ENSO) under global warming, so it is currently unknown how, or even
if, global warming will impact ENSO and its teleconnections. ENSO is governed by
various ocean-atmosphere interactions in the equatorial Pacific, which provide either
positive amplifying or negative damping feedbacks and are not always accurate in
models. This results in uncertainty in projected ENSO responses.
In a flux adjusted HadCM3 perturbed physics ensemble, the Bjerknes’ stability
index (BJ index), a measure of ENSO stability, has been used to analyse the strength
of ENSO feedbacks and their response under the SRES A1B warming scenario with
respect to mean climate conditions. Despite mean sea surface temperature biases
being minimised by flux adjustment, the important dominant feedbacks, namely the
latent heat flux feedback, shortwave flux feedback, the thermocline feedback and the
zonal advective feedback are found to be too weak in the ensemble. Common model
biases cause weak ocean-atmosphere interactions such as a weak response of ocean
currents to wind stress anomalies, a weak thermocline slope response to wind stress
anomalies and weak thermodynamic dampings. These biases are linked to overly
strong zonal surface ocean currents and convective response biases.
Under global warming, a large increase in thermodynamic damping, caused by
increasing shortwave damping, is found. This increase is linked to a strong convective
response and overrides other feedback responses, resulting in a weakening BJ index
in contrast to increasing ENSO amplitude. Positive feedback responses are also
found but counteract each other, so have relatively little impact on total ENSO
stability.
Results here show that common model biases, such as the cold tongue bias,
are linked to persistent ENSO feedback biases pointing to areas of improvement in
future models. Results also suggest that caution must be exercised when using the
BJ index to assess ENSO, as the BJ index is not always representative of ENSO
amplitude. This may be caused by non-linearities in ENSO feedbacks which are
not accounted for by the linear approximations used in the BJ index, or by ENSO
feedbacks not being directly comparable in magnitude, as assumed by the BJ index
calculation.
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square represents a correlation between the ensemble results of the
climate mean given on the x-axis and the result of the BJ index
components given on the y-axis. Blue shows a strong negative cor-
relation, red shows a strong positive correlation. 95% significant
correlations are printed in the square. . . . . . . . . . . . . . . . . . 98
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3.3.4 Thermodynamic damping (−α′) and its components, latent heat
(−α′LH) and sensible heat (−αSH) flux damping, longwave (−αLW )
and shortwave (−αSW ) radiation damping for HadCM3 ensemble
for 1986-2015. Each ensemble members result is given by a dot
coloured by its perturbation type, red for atmospheric perturbation,
blue for ocean perturbation and black for no perturbations. Results
for SODA reanalysis are shown by black horizontal lines with 95%
linear fit confidence interval error range shown by grey shading.
Ensemble means are given by diamonds with +/- 1 s.d. error bars.
Minimum and maximum errors for ensemble members are given at
the top of figures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.3.5 a): Thermodynamic damping with added flux adjustment compo-
nent, −α′, (y-axis) plotted against standard deviation of Nin˜o 3.4
SSTA representing ENSO amplitude (x-axis) for the time period
1986-2015 of the HadCM3 ensemble. b): Same as a) but for uncor-
rected thermodynamic damping, −α, on the y-axis. Each ensemble
members result is given by a dot coloured by its perturbation type,
red for atmospheric perturbation, blue for ocean perturbation and
black for no perturbations. Correlation between the two is printed
in the bottom right corner. Linear fits which are significant at the
99% significance level are shown by solid lines. Linear fits which are
significant at the 95% significance level are shown by dashed lines. . 104
3.3.6 Thermodynamic Damping components, −αLW , −αSW , −αLH ,
−α′LH , and −αSH on the y-axes plotted against standard deviation
of Nin˜o 3.4 SSTA representing ENSO amplitude (x-axis) for the
time period 1986-2015 of the HadCM3 ensemble. Each ensemble
members result is given by a dot coloured by its perturbation type,
red for atmospheric perturbation, blue for ocean perturbation and
black for no perturbations. Correlation between the two is printed
in the bottom right corner. Linear fits which are significant at the
99% significance level are shown by solid lines. Linear fits which are
significant at the 95% significance level are shown by dashed lines. . 107
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3.3.7 Thermodynamic Damping components, −αLW (top left), −αSW
(top right), −α′LH (bottom left) and −αSH (bottom right) on the
y-axes plotted against mean Nin˜o 3 SST (x-axis) for the time pe-
riod 1986-2015 of the HadCM3 ensemble. Each ensemble members
result is given by a dot coloured by its perturbation type, red for
atmospheric perturbation, blue for ocean perturbation and black
for no perturbations. Correlation between the two is printed in the
bottom right corner. Linear fits which are significant at the 99%
significance level are shown by solid lines. Linear fits which are
significant at the 95% significance level are shown by dashed lines. . 108
3.3.8 Zonal advective feedback (ZA) and its components, sensitivity of
zonal ocean currents to changes in zonal surface wind stress (βu),
sensitivity of wind stress to changes in sea surface temperature (µa)
and mean zonal temperature gradient in the east Pacific (−d〈T¯〉E
dx
)
for the HadCM3 ensemble and time period 1986-2015. Each ensem-
ble members result is given by a dot coloured by its perturbation
type, red for atmospheric perturbation, blue for ocean perturba-
tion and black for no perturbations. Results for reanalysis data are
shown by black horizontal lines with 95% linear fit confidence inter-
val error range shown by grey shading. Ensemble means are given
by diamonds with +/- 1 s.d. error bars. Minimum and maximum
errors for ensemble members are given at the top of figures. . . . . . 109
3.3.9 Zonal advective feedback components, βu (top left), µa (top right)
and −d〈T¯〉E
dx
(bottom left) on the y-axes plotted against total zonal
advective feedback, ZA (x-axis) calculated for the HadCM3 ensem-
ble and time period 1986-2015. Each ensemble members result is
given by a dot coloured by its perturbation type, red for atmospheric
perturbation, blue for ocean perturbation and black for no pertur-
bations. Correlation and covariance between the two is printed in
the bottom right corner. Linear fits which are significant at the
99% significance level are shown by solid lines. Linear fits which are
significant at the 95% significance level are shown by dashed lines. . 110
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3.3.10 Zonal advective feedback, ZA, and components, βu (top left), µa
(top right) and −d〈T¯〉E
dx
(bottom left) on the y-axes plotted against
mean zonal surface ocean current averaged over the Nin˜o 4’ area
calculated for the HadCM3 ensemble and time period 1986-2015.
Each ensemble members result is given by a dot coloured by its
perturbation type, red for atmospheric perturbation, blue for ocean
perturbation and black for no perturbations. Correlation and co-
variance between the two is printed in the bottom right corner.
Linear fits which are significant at the 99% significance level are
shown by solid lines. Linear fits which are significant at the 95%
significance level are shown by dashed lines. . . . . . . . . . . . . . 112
3.3.11 Thermocline feedback (TC) and its components, sensitivity of ther-
mocline slope to changes in zonal surface wind stress (βh), sensitiv-
ity of wind stress to changes in sea surface temperature (µa) and
mean upwelling current averaged over the east Pacific (
〈w¯〉E
Hm
) for the
HadCM3 ensemble for 1986-2015. Each ensemble members result
is given by a dot coloured by its perturbation type, red for atmo-
spheric perturbation, blue for ocean perturbation and black for no
perturbations. Results for reanalysis data are shown by black hori-
zontal lines with 95% linear fir confidence interval error range shown
by grey shading. Ensemble means are given by diamonds with +/-
1 s.d. error bars. Minimum and maximum errors for ensemble
members are given at the top of figures. . . . . . . . . . . . . . . . . 114
3.3.12 Thermocline feedback components, βh (top left), µa (top right) and
〈w¯〉E
Hm
(bottom left) on the y-axes plotted against total thermocline
feedback, TC (x-axis) for the HadCM3 ensemble for 1986-2015.
Each ensemble members result is given by a dot coloured by its
perturbation type, red for atmospheric perturbation, blue for ocean
perturbation and black for no perturbations. Correlation and co-
variance between the two is printed in the bottom right corner.
Linear fits which are significant at the 99% significance level are
shown by solid lines. Linear fits which are significant at the 95%
significance level are shown by dashed lines. . . . . . . . . . . . . . 115
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3.3.13 Thermocline feedback, TC, and components, βh, µa and
〈w¯〉E
Hm
on the
y-axes plotted against mean zonal ocean current averaged over the
Nin˜o 4’ area (x-axis) for the HadCM3 ensemble for 1986-2015. Each
ensemble members result is given by a dot coloured by its perturba-
tion type, red for atmospheric perturbation, blue for ocean pertur-
bation and black for no perturbations. Correlation and covariance
between the two is printed in the bottom right corner. Linear fits
which are significant at the 99% significance level are shown by solid
lines. Linear fits which are significant at the 95% significance level
are shown by dashed lines. . . . . . . . . . . . . . . . . . . . . . . . 116
4.2.1 Mean SST averaged over the Nin˜o 3 (top left), Nin˜o 4 (top right) and
Nin˜o 3.4 (bottom) areas. Each thin line represents a single HadCM3
ensemble member (coloured by perturbation type, red for atm., blue
for oce.) with the thick lines representing ensemble means. Dashed
black horizontal lines show the value found for the HadISST data
with grey shading showing error range. Means are calculated for
sixteen thirty year long time intervals which begin every ten years
and result in the timeseries spanning 1895 to 2075. Significant (dif-
ference greater than natural variability) trends are plotted using
solid lines, lines are dashed for insignificant trends. . . . . . . . . . 122
4.2.2 a): Mean SST over the equatorial Pacific. b): Mean depth of
the 20 ◦C isotherm over the equatorial Pacific. For each there are
contours the HadCM3 ensemble mean for 1986-2015 (top), 2046-
2075 (middle) and the difference between the two (bottom). Red
and yellow areas show positive values and blue areas show negative
values. Nin˜o 3 and Nin˜o 4 areas are outlined using black boxes,
Nin˜o 3.4 is outlined with a dashed box. Stippling shows regions
where trends are greater than natural variability . . . . . . . . . . . 123
4.2.3 Mean wind stress (top left), depth of the 23 ◦C isotherm (top right),
eastward ocean current (middle left), upwelling ocean current (mid-
dle right) and heat flux (bottom left) averaged over the Nin˜o 3
area. Each thin line represents a single HadCM3 ensemble member
(coloured by perturbation type, red for atm., blue for oce.) with the
thick lines representing ensemble means. Dashed black horizontal
lines show the value found for the reanalysis data with grey shad-
ing showing error range. Significant (difference greater than natural
variability) trends are plotted using solid lines, lines are dashed for
insignificant trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
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4.2.4 Standard deviation of SST anomalies averaged over the Nin˜o 3
(left) and Nin˜o 4 (right) areas. Each thin line represents a sin-
gle HadCM3 ensemble member (coloured by perturbation type, red
for atm., blue for oce.) with the thick lines representing ensemble
means. Dashed black horizontal lines show the value found for the
reanalysis data with grey shading showing error range. Significant
(difference greater than natural variability) trends are plotted using
solid lines, lines are dashed for insignificant trends. . . . . . . . . . 125
4.2.5 a): Standard deviation of SST seasonal anomalies over the equato-
rial Pacific. b): Standard deviation of heat flux seasonal anomalies
over the equatorial Pacific. For each there are contours the HadCM3
ensemble mean for 1986-2015 (top), 2046-2075 (middle) and the dif-
ference between the two (bottom). Red and yellow areas show pos-
itive values and blue areas show negative values. Nin˜o 3 and Nin˜o 4
areas are outlined using black boxes, Nin˜o 3.4 is outlined with a red
box. Stippling shows areas where trends are greater than natural
variability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.2.6 Standard deviation of seasonal anomalies of wind stress (top left),
depth of the 23 ◦C isotherm (top right), eastward ocean current
(middle left), upwelling ocean current (bottom left) and heat flux
(bottom right) averaged over the Nin˜o 3 area. Each thin line repre-
sents a single HadCM3 ensemble member (coloured by perturbation
type, red for atm., blue for oce.) with the thick lines representing
ensemble means. Dashed black horizontal lines show the value found
for the reanalysis data with grey shading showing error range. Sig-
nificant (difference greater than natural variability) trends are plot-
ted using solid lines, lines are dashed for insignificant trends. . . . . 127
4.2.7 a) Standard deviation of wind stress and b) zonal ocean current
(right) anomalies over the equatorial Pacific. For each there are
contours the HadCM3 ensemble mean for 1986-2015 (top), 2046-
2075 (middle) and the difference between the two (bottom). Red
and yellow areas show positive values and blue areas show negative
values. Nin˜o 3 and Nin˜o 4 areas are outlined using black boxes,
Nin˜o 3.4 is outlined with a red box. Stippling shows areas where
trends show change greater than natural variability. . . . . . . . . . 128
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4.2.8 ENSO amplitude (standard deviation of Nin˜o 3.4 SSTAs). Each
thin line represents a single HadCM3 ensemble member (coloured
by perturbation type, red for atm., blue for oce.) with the thick lines
representing ensemble means. Dashed black horizontal lines show
the value found for the reanalysis data with grey shading showing
error range. Significant (difference greater than natural variability)
trends are plotted using solid lines, lines are dashed for insignificant
trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.3.1 Bjerknes’ stability index timeseries for all ensemble members. Each
thin line represents a single HadCM3 ensemble member (coloured by
perturbation type, red for atm., blue for oce.) with the thick lines
representing ensemble means. Dashed black horizontal lines show
the value found for the reanalysis data with grey shading showing
error range. Significant (difference greater than natural variability)
trends are plotted using solid lines, lines are dashed for insignificant
trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.3.2 Bjerknes’ stability index components timeseries for all ensemble
members. Each thin line represents a single HadCM3 ensemble
member (coloured by perturbation type, red for atm., blue for oce.)
with the thick lines representing ensemble means. Dashed black
horizontal lines show the value found for the reanalysis data with
grey shading showing error range. Significant (difference greater
than natural variability) trends are plotted using solid lines, lines
are dashed for insignificant trends. . . . . . . . . . . . . . . . . . . . 131
4.3.3 Correlations of BJ index with each of its components timeseries.
Ensemble member runs along x-axis and components run along y-
axis. Dark blue represents strong positive agreement between the
BJ index and the respective component, dark red represents strong
negative correlation. Ensemble members to the left of the first thick
black line are ensemble members with ocean perturbations, to the
right are members with atmosphere perturbations. The column on
the far right labelled ‘all’ correlates all ensemble members. . . . . . 133
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4.3.4 Correlations of BJ index and each of its components with ENSO am-
plitude timeseries. Ensemble member runs along x-axis and index
and components run along y-axis. Dark blue represents strong posi-
tive agreement between the BJ index and the respective component,
dark red represents strong negative correlation. Ensemble members
to the left of the first thick black line are ensemble members with
ocean perturbations, to the right are members with atmosphere per-
turbations. The column on the far right labelled ‘all’ correlates all
ensemble members. . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
4.3.5 Amplitude of thermodynamic damping (α) for the HadCM3 ensem-
ble ensemble average for 1986-2015 (top), 2046-2075 (middle) and
the difference between them (bottom). Red areas show values of
strong damping. Nin˜o 3 & 4 areas are outlined using black boxes,
Nin˜o 3.4 is outlined in a red box. Stippling shows areas where the
change is larger than natural variability. . . . . . . . . . . . . . . . 135
4.3.6 Thermodynamic damping components, longwave and shortwave flux
damping, latent and sensible heat flux damping for the HadCM3
ensemble calculated for 30 year time intervals staggered every 10
years. Each thin line represents a single HadCM3 ensemble member
(coloured by perturbation type, red for atm., blue for oce.) with the
thick lines representing ensemble means. Dashed black horizontal
lines show the value found for the reanalysis data with grey shading
showing error range. Significant (difference greater than natural
variability) trends are plotted using solid lines, lines are dashed for
insignificant trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.3.7 a): HadCM3 ensemble average latent heat damping amplitude (αLH)
for 1986-2015 (top), 2046-2075 (middle) and the difference between
them (bottom). b): Same as a) but for shortwave damping am-
plitude (αSW ). Red areas show values of strong damping. Nin˜o 3
& 4 areas are outlined using black boxes, Nin˜o 3.4 is outlined by
a dashed box. Stippling shows areas where the difference is larger
than natural variability. . . . . . . . . . . . . . . . . . . . . . . . . . 137
4.3.8 HadCM3 ensemble average of shortwave radiation anomaly standard
deviation for 1986-2015 (top), 2046-2075 (middle) and the difference
between them (bottom). Red areas show strong heat flux variability.
Nin˜o 3 & 4 areas are outlined using black boxes, Nin˜o 3.4 is outlined
by a dashed box. Stippling shows areas where difference is larger
than natural variability. . . . . . . . . . . . . . . . . . . . . . . . . . 138
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4.3.9 Zonal advective feedback, ZA, and components, βu, µa and
dT
dx
cal-
culated for the HadCM3 ensemble calculated for 30 year time in-
tervals staggered every 10 years. Each thin line represents a sin-
gle HadCM3 ensemble member (coloured by perturbation type, red
for atm., blue for oce.) with the thick lines representing ensemble
means. Dashed black horizontal lines show the value found for the
reanalysis data with grey shading showing error range. Significant
(difference greater than natural variability) trends are plotted using
solid lines, lines are dashed for insignificant trends. . . . . . . . . . 139
4.3.10 Correlations of the climate change response of zonal advective feed-
back (ZA) and each of its dominant components (βu & µa), y-axis,
with the climate change response of mean climate, x-axis. Mean
climate responses used are SST (T), zonal wind stress (τ), zonal
ocean current (u) and upwelling current (w). Area-average of either
Nin˜o 3 or 4 is given by a subscript. Dark blue represents strong
positive agreement between the BJ index and the respective compo-
nent, Dark red represents strong negative correlation. Correlations
significant at the 95% level are printed in the relevant squares. . . . 140
4.3.11 Thermocline feedback, TC, and components, βh, µa and
〈w¯〉E
Hm
cal-
culated for the HadCM3 ensemble calculated for 30 year time in-
tervals staggered every 10 years. Each thin line represents a sin-
gle HadCM3 ensemble member (coloured by perturbation type, red
for atm., blue for oce.) with the thick lines representing ensemble
means. Dashed black horizontal lines show the value found for the
reanalysis data with grey shading showing error range. Significant
(difference greater than natural variability) trends are plotted using
solid lines, lines are dashed for insignificant trends. . . . . . . . . . 141
4.3.12 Correlations between thermocline feedback and its components (βh,
µa and w¯) calculated for the HadCM3 ensemble over time. Compo-
nents are on the y-axis, ensemble members are on the x-axis. Each
square represents a correlation between the response of the compo-
nent given on the y-axis over time and the response of the thermo-
cline for the ensemble member given on the x-axis. Blue shows a
strong negative correlation or covariance with the total feedback,
red shows a strong positive correlation with the feedback . . . . . . 142
4.3.13 The difference of thermocline feedback from 1966-1995 to 2046-2075
on y-axis against the difference of βh (left) and µa (right) from 1966-
1995 to 2046-2075 on x-axis calculated for the HadCM3 ensemble.
Each point represents a single ensemble member. Covariances and
correlations are printed on the plot. . . . . . . . . . . . . . . . . . . 143
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4.3.14 Correlations of the climate change response of the thermocline feed-
back (TC) and each of its dominant components (βh & µa), y-axis,
with the climate change response of mean climate, x-axis. Mean
climate responses used are SST (T), zonal wind stress (τ), zonal
ocean current (u) and upwelling current (w). Area-average of either
Nin˜o 3 or 4 is given by a subscript. Dark blue represents strong
positive agreement between the BJ index and the respective compo-
nent, dark red represents strong negative correlation. Correlations
significant at the 95% level are printed in the relevant squares. . . . 143
5.2.1 a): Area-averaged mean precipitation for the HadCM3 ensemble
over 1986-2015. CMAP mean precipitation are shown by horizontal
black lines with grey shading showing +/- 1 mbb error. Min and
max ensemble errors are shown by bars at the top of figure. b):
Filled contour plots of mean precipitation for CMAP data (top),
HadCM3 ensemble mean, 1986-2015 (middle) and the difference be-
tween them (bottom). Nin˜o 3 and Nin˜o 4 boxes are shown using
solid black lines. The Nin˜o 3.4 box is shown by dashed black lines.
Stippling show areas where 70% of ensemble members are within
ensemble mean +/- 1 s.d. . . . . . . . . . . . . . . . . . . . . . . . . 148
5.2.2 Standard deviation of precipitation anomalies for CMAP data (top),
HadCM3 ensemble mean, 1986-2015 (middle) and the difference be-
tween them (bottom). Nin˜o 3 and Nin˜o 4 boxes are shown using
solid black lines. The Nin˜o 3.4 box is shown by dashed black lines.
Stippling show areas where 70% of ensemble members are within
ensemble mean +/- 1 s.d. . . . . . . . . . . . . . . . . . . . . . . . . 149
5.2.3 Timeseries plots of HadCM3 mean precipitation in the Nin˜o 3 (left)
and Nin˜o 4 (right) areas. Single ensemble members are plotted in
grey, the ensemble mean is plotted in red and the value calculated
using CMAP data is shown by the horizontal dashed black line. . . 150
5.2.4 Mean precipitation for the HadCM3 ensemble mean, 1986-2015 (top),
the HadCM3 ensemble mean, 2046-2075 (middle) and the difference
between them (bottom). Nin˜o 3 and 4 boxes are shown using solid
black lines. The Nin˜o 3.4 box is shown by dashed black lines. Stip-
pling shows areas where the difference is larger than natural variability.151
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5.2.5 a): Mean precipitation for the HadCM3 atmosphere perturbation
ensemble members mean for 1986-2015 (top), 2046-2075 (middle)
and the difference between them (bottom). b): Mean precipita-
tion for the HadCM3 ocean perturbation ensemble members mean
for 1986-2015 (top), 2046-2075 (middle) and the difference between
them (bottom). Nin˜o 3 and 4 boxes are shown using solid black
lines. The Nin˜o 3.4 box is shown by dashed black lines. Stippling
shows areas where difference is larger than natural variability. . . . 152
5.3.1 a): α′LH (the strength of latent heat flux damping with heat flux
adjustment correction applied) for the HadCM3 ensemble over 1986-
2015. OAFlux αLH is shown by a horizontal black line with shading
showing 95% linear fit confidence interval. The diamond shows the
ensemble mean with error bars of 1 standard deviation. Points
are coloured by ensemble member perturbation type, red for at-
mosphere, red for ocean. b): Same as a) with HadCM3 raw data
(uncorrected) latent heat flux damping strength (αLH). c): Same
as a) with HadCM3 atmosphere perturbation ensemble members
raw data (uncorrected) latent heat flux damping strength (αLH).
Min/max ensemble errors are given at the top of figure. . . . . . . . 154
5.3.2 a): Latent heat flux damping (−αLH) for OAFlux data (A) b):
Filled contour plots of 1986-2015 HadCM3 ensemble mean latent
heat flux damping (−αLH , B) and the difference between this and
figure a) (B-A). c): 1986-2015 HadCM3 ensemble mean corrected
latent heat flux damping (−α′LH , C) and the difference between this
and figure a) (C-A). Nin˜o 3 and 4 boxes are plotted using solid black
lines. The Nin˜o 3.4 box is plotted by dashed black lines. Stippling
shows areas where 70% of ensemble members are within ensemble
mean +/- 1 s.d. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.3.3 Sensitivity of near surface specific humidity difference, α∆q, satu-
rated surface specific humidity, αq∗ , and near surface specific hu-
midity, αq (left to right respectively) for the HadCM3 atmosphere
perturbation ensemble members over 1986-2015. Sensitivities calcu-
lated using OAFlux data are shown by a horizontal black line with
shading showing 95% linear fit confidence interval. The diamond
shows the ensemble mean with error bars of 1 standard deviation.
Min/max ensemble error are shown at the top of the figure. . . . . . 156
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5.3.4 Sensible humidity difference anomalies regressed against SST anoma-
lies (α∆q) for OAFlux data (top), HadCM3 ensemble mean (middle)
and the difference between them (bottom). Nin˜o 3 and 4 boxes are
shown using solid black lines. The Nin˜o 3.4 box is shown by dashed
black lines. Stippling shows areas where more than 70% of ensemble
members are within ensemble mean +/- 1 s.d. . . . . . . . . . . . . 157
5.3.5 a): Near surface sensible humidity regressed against SST anomalies
(αq) for OAFlux data (top), 1986-2015 HadCM3 ensemble mean
(middle) and the difference between them (bottom). b): Same as
a) but with surface saturated humidity anomalies regressed against
SST anomalies (αq∗). Nin˜o 3 and 4 boxes are shown using solid black
lines. The Nin˜o 3.4 box is shown by dashed black lines. Stippling
shows areas where more than 70% of ensemble members are within
ensemble mean +/- 1 s.d. . . . . . . . . . . . . . . . . . . . . . . . . 158
5.3.6 a): αLH (strength of latent heat flux damping, y axis) against the
sensitivity of surface saturated humidity to SSTAs (αq∗ , x axis)
for the standard and atmosphere perturbation HadCM3 ensemble
members. Dots are HadCM3 ensemble members, the cross is the
result calculated using OAFlux data. Fitting line is shown based on
the significance of the correlation. Solid lines show a 99 % significant
relationship, dashed lines show a 95% significant relationship and
relationships lower than 95% are unplotted. b): Same as a) but
with near surface sensible humidity (αq) on the x axis. c): Same as
a) but with near surface sensible humidity difference (α∆q) on the
x axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.3.7 Reanalysis SSTAs, latent heat flux anomalies and bulk formula cal-
culations for latent heat flux using surface wind speed (2nd figure
from bottom) and wind stress (bottom). Solid lines indicate values
given by model output (for T and QLH , dashed lines show calcu-
lated latent heat flux, red lines show calculated humidity anomaly
component (winds are suppressed) and blue lines show calculated
wind anomaly component (humidity suppressed) . . . . . . . . . . . 161
5.3.8 a) Reanalysis (ERA40/OAFlux) bulk formula calculated latent heat
flux (using wind speed) anomalies (y axis) against reanalysis given
latent heat flux (x axis). b) same as a) but with calculation using
wind stress. Correlations between the two are printed on the figure.
99% significant relationships shown by solid black line. . . . . . . . 162
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5.3.9 a) Reanalysis (ERA40/OAFlux) bulk formula calculated humidity
anomaly component (using wind speed, y axis) against reanalysis
given latent heat flux (x axis). b) Same as a) but with calculation
using wind stress. c) Same as a) but with wind speed anomaly
component d) Same as c) but calculated using wind stress. Corre-
lations between the two are printed on the figure. 99% significant
relationships shown by solid black line. . . . . . . . . . . . . . . . . 163
5.3.10 Correlations of the calculated latent heat flux anomaly (QLHcA)
for HadCM3 ensemble and the humidity component (C1) and wind
component (C2), y-axis, with the model output latent heat flux
anomaly, x-axis. Dark blue represents strong positive agreement
between the BJ index and the respective component, dark red rep-
resents strong negative correlation. Correlations significant at the
95% level are printed in the relevant squares. . . . . . . . . . . . . . 163
5.3.11 a) Sensitivity of humidity anomaly component, αLHc1, and b) wind
speed, αLHc2 for the HadCM3 atmosphere perturbation ensemble
members over 1986-2015. Sensitivities calculated using OAFlux
data are shown by a horizontal dashed red with red shading showing
95% linear fit confidence interval. The black dashed line shows the
ensemble mean with grey shading of 1 standard deviation. Error
bars show 95% confidence interval. . . . . . . . . . . . . . . . . . . . 165
5.3.12 Correlations of x axis variables against y axis variables for HadCM3
ensemble, 1986-2015 (e.g. in top left αSW correlated with T3. Y
axis is thermodynamic damping strength (α) and the latent heat,
sensible heat, longwave and shortwave components (αLH , αSH , αLW
and αSW respectively). X axis contains mean SST, 20
◦C isotherm
depth, surface zonal wind stress, surface zonal ocean current, up-
welling ocean current and precipitation (T, z, τ , u, w and pr re-
spectively) area-averaged over the Nin˜o 3 and 4 areas, denoted by
the subscript. Positive correlation are shown by varying shades of
red and negative correlations are shown in blue with correlations
significant at the 95% level printed in the relevant grid box. Grid
boxes without a correlation printed in them are insignificant. . . . . 167
5.3.13 a): Correlations of HadCM3 mean precipitation against αLH (1986-
2015). b): Same as a) but for α′LH . Red shows positive correlation,
blue shows negative correlation. Nin˜o 3 and 4 boxes are shown using
solid black lines. The Nin˜o 3.4 box is shown by dashed black lines. . 168
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5.3.14 Standard deviation of HadCM3 mean precipitation as a measure of
inter-ensemble variation. Nin˜o 3 and 4 boxes are shown using solid
black lines. The Nin˜o 3.4 box is shown by dashed black lines. . . . . 169
5.3.15 a): Mean Nin˜o 4 precipitation (x axis) against αLH (strength of la-
tent heat flux damping, y axis) for the HadCM3 ensemble members.
Coloured dots are HadCM3 ensemble members, the cross is the re-
sult calculated using CMAP and OAFlux data. Fitting line (black
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1 Introduction & Scientific Background
One of the most important modes of natural climate variability is the El Nin˜o
Southern Oscillation. This is a phenomenon in the equatorial Pacific where sea
surface temperatures show interannual fluctuations between warm and cold states.
The warm state is referred to as El Nin˜o and the cool state is referred to as La Nin˜a.
The oscillation is irregular with warm events occurring once every 2-7 years, and
long term prediction is very difficult.
This oscillation impacts the ocean and atmosphere worldwide and can cause
severe weather events. The record breaking El Nin˜o of 1997-1998 caused various
extreme weather events in America, such as flooding in the southeast and California,
an icestorm in the northeast and tornadoes in Florida. These weather events resulted
in hundreds of deaths and billions of dollars property damage. There were also
millions of dollars lost in the agricultural and tourist industries (Changnon, 1999).
At this time, it is unknown what impact anthropogenic climate change will have
on ENSO. Changing background state may cause stronger or weaker events, more
or less common events or perhaps no change to the oscillation at all. Whatever the
change to the oscillation itself, it is also unknown if changing background condi-
tions will result in events impacting worldwide weather differently. Because of this,
an important area of research is developing and using ENSO metrics to quantify
ENSO in current climate models in order to ensure ENSO processes and impacts
are represented as accurately as possible. The same models are used to assess ENSO
response to global warming scenarios which, as mentioned, has typically given con-
flicting results (Collins et al., 2010a).
This thesis uses metrics to assess ENSO in a perturbed physics ensemble both
in the present day in comparison to observed ENSO and under a global warming
scenario to assess projected ENSO behaviour. It is hoped that biases in ENSO are
able to be quantified and linked to other climate model biases. Projected changes
in ENSO are also quantified in order to gain further understanding of the impact
of changing background conditions on ENSO. The remainder of this chapter will
provide background information on the equatorial Pacific climate and important
ENSO processes and will outline the previous research into ENSO representation in
coupled climate models and the current knowledge on projected ENSO response to
a changing climate. Finally, the overall aims of this thesis will be given.
1.1 Mean Tropical Pacific climate
The mean equatorial Pacific provides the basis for ENSO and consequently it is
important to understand the key features of the equatorial Pacific climate, which
will be outlined here. The equatorial Pacific is characterised by a zonal temperature
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gradient where the west tropical Pacific waters are warm (termed the ‘warm pool’)
and the east Pacific is cooler, particularly along the equator (the ‘cold tongue’). This
SST gradient drives large scale circulation which defines the tropical Pacific climate.
Atmospheric circulation in the Pacific can be described by a zonal component, the
Walker circulation, and a meridional component, the Hadley cell, which form part
of the mean tropical Pacific climate.
The Hadley cell is a circulation loop forced by warm, low pressure conditions
along the equator causing air to rise (ascent) to the tropopause which travels pole-
ward then descends around the cooler, high pressure subtropics (Diaz and Bradley,
2005). Air then flows equatorward at the surface to complete the circulation. This
loop results in two areas of ascent around the equator, one in the north hemisphere
known as the intertropical convergence zone (ITCZ) and one in the southern hemi-
sphere, called the south Pacific convergence zone (SPCZ). Both of these are shown
in figure 1.1.1 by the areas of strong precipitation to the north and south west of
the equator.
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Figure 1.1.1: a): HadISST mean sea surface temperature in the equatorial Pacific
b): SODA 2.0.2 mean surface zonal (eastward) wind stress c): SODA 2.0.2 mean
surface zonal ocean current d):CMAP mean precipitation. All contours are over the
tropical Pacific ocean for 1984-2000. Nin˜o 3 (east) & 4 (west) areas are shown using
solid black boxes. Nin˜o 3.4 area is shown using a dashed black line.
The zonal component of the circulation, the Walker circulation (Bjerknes, 1969),
is forced by the zonal SST gradient along the equatorial Pacific shown in figure 1.1.1.
Air rises in the warmer west Pacific and sinks in the cooler lower pressure east Pacific.
This causes a westward surface air flow which maintains the SST gradient via its
impact on trade winds and ocean currents, demonstrated in subfigures 1.1.1 b) &
c). These figures show filled contour plots of mean eastward surface wind stress and
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zonal surface ocean current over the equatorial Pacific respectively.
The Hadley cell also contributes to westward flow at the equator. Equatorward
winds from the Hadley cell are affected by the coriolis force near the equator resulting
in an easterly component. These trade winds interact with the sea surface resulting
in easterly ocean currents and advection of cool east Pacific waters along the equator
(McPhaden et al., 1998). This leads to a build up of water in the west Pacific which
is ultimately released during El Nin˜o events (described in further detail in section
1.3.2).
The coriolis force also acts on the westward ocean currents near the equator
inducing Ekman transport of near surface water to the north and south in the North
and South hemispheres respectively. This allows cold water from the subsurface to
upwell along the equator shown in figure 1.1.2. Upwelling tends to be stronger in
the east Pacific where the zonal ocean currents are stronger, reinforcing the cold
tongue shown in figure 1.1.1 (Philander, 1990).
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Figure 1.1.2: a) SODA 2.0.2 mean upwelling current b):OAFlux (downward) net
heat flux. All contours are over the tropical Pacific ocean for 1984-2000. Nin˜o 3
(east) & 4 (west) areas are shown using solid black boxes. Nin˜o 3.4 area is shown
using a dashed black line.
The SST gradient observed on the surface of the equatorial Pacific is also present
in the subsurface. The west Pacific has a larger volume of warm water subsurface
than the east as a result of upwelling in the east Pacific and westward water advec-
tion. This causes a sloped thermocline, the name given to the divide between warm
surface waters and cooler subsurface waters, shown in figure 1.1.3. The thermocline
can be approximated using the depth of the 20 ◦C isotherm, shown on the figure as
a dashed black line.
Another controlling factor of conditions in the equatorial Pacific lies in the
atmosphere-ocean heat fluxes which regulate the sea surface temperature (Philan-
der, 1990). Net atmosphere-ocean heat flux consists of four separate heat fluxes.
These are shortwave and longwave radiation flux and latent and sensible heat flux.
Longwave and sensible heat fluxes are weaker when compared to shortwave and la-
tent heat fluxes. Longwave radiation is emitted downward by the atmosphere and
upwards by the ocean surface and has a cooling effect on the tropical Pacific overall.
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Figure 1.1.3: The temperature of the upper ocean of the equatorial Pacific for SODA
2.0.2 data for 1984-2000 averaged over latitudes of -5◦ to 5◦. The location of the 20
◦C isotherm is shown using a dashed black line.
The weakest flux is sensible heat flux which is also a net cooling flux going from
ocean to atmosphere and is the heat conducted from ocean to atmosphere. This
is relatively weak in the equatorial Pacific due to the small temperature difference
between sea and air temperature in the tropics though is stronger in warmer areas
of the Pacific, particularly the north west.
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Figure 1.1.4: a) Mean (downward) latent heat flux. b): Mean sensible heat flux.
c): Filled contour plot of mean shortwave radiation flux. d): Filled contour plot of
mean longwave radiation flux. All contours are over the tropical Pacific ocean for
OAFlux data for 1984-2000. Nin˜o 3 (east) & 4 (west) areas are shown using solid
black boxes. Nin˜o 3.4 area is shown using a dashed black line.
The two strongest heat fluxes are the shortwave and latent heat fluxes. Shortwave
radiation is the warming of the surface caused by the Sun and is linked to cloud
amount as less cloud coverage allows more of the radiation from the Sun to reach
the surface. Therefore, shortwave flux is strong along the equator but in regions
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with high precipitation (see figure 1.1.1) such as the ITCZ, the SPCZ and the west
Pacific convergence zone there is a weaker shortwave flux due to more cloud cover
(see figure 1.1.5).
Figure 1.1.5: Schematic showing heat fluxes and circulation over the tropical Pacific.
The zonal temperature gradient results in advection from the east to the west (sur-
face winds shown by τ) with ascent in the warmer west Pacific and descent in the
cool east Pacific. Upward latent heat flux, QLH , is strongest in the west Pacific due
to large surface-air specific humidity difference, α∆q. Downward shortwave radiation
flux, QSW , is strong in the east Pacific due to less cloud cover.
Latent heat flux represents the heat lost at the sea surface due to evaporation,
shown in figure 1.1.4 as a negative atmosphere-ocean flux. Latent heat flux is affected
by surface winds and near surface specific humidity difference (the difference between
the saturated specific humidity at the sea surface and the air 10m above the sea),
both of which contribute to evaporation. This heat flux is a combination of two
mechanisms: a thermodynamical response, caused by differences in near surface
humidity, and a dynamical response reliant on surface wind speed. This is shown in
the bulk formula which is commonly used to calculate latent heat flux:
QLH = ρLECLU10(q
∗ − q) = ρLECLU10∆q. (1.1.1)
Here, QLH is upward latent heat flux, q
∗ is the saturated surface specific humidity, q
is the near surface specific humidity, U10 is the wind speed at 10m above the surface.
Constants are ρ, the density of air, LE, the latent heat of evaporation and CL, the
turbulent moisture exchange coefficient. The relevant processes for the dominant
heat fluxes in the equatorial Pacific are shown in the schematic in figure 1.1.5.
The westward surface winds contribute to evaporation along the equator while
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the surface temperatures govern the specific humidity difference between the sur-
face and the air. Warmer temperatures in the west result in a higher surface specific
humidity which causes a larger difference between the surface and air specific hu-
midity’s resulting in strong evaporation which causes the convection in the west
and a strong latent heat flux. Air then circulates eastward and sinks under cooler
conditions in the east.
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Figure 1.1.6: a): Monthly means of Nin˜o 3 averaged SST representing the SST
annual cycle for HadISST data. b): Monthly means of Nin˜o 3 averaged zonal
surface wind stress representing the wind stress annual cycle.
As well as persistent mean climate conditions, the equatorial Pacific also has
a pronounced seasonal cycle which is controlled by two mechanisms. The first is
the impact of ocean-atmosphere coupling which governs the conditions in the east
Pacific and the second is variations in solar radiation over warmer areas (west) of
the equatorial Pacific (Chang, 1996; Li and Philander, 1996). The SST annual cycle
is strongest in the east Pacific and variations in the west are relatively small. Li and
Philander (1996) note that the annual variation of conditions in the east equatorial
Pacific is in contrast with the sun crossing the equator twice a year and suggest this
is caused by the asymmetry about the equator of the mean climate conditions. The
warmest waters in the east Pacific are usually north of the equator resulting in less
southward movement of the ITCZ than in the west Pacific. This also causes reduced
fluctuations in wind stress and results in an annual cycle rather than a semi-annual
cycle.
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The observed annual cycles for east Pacific SST and easterly wind stress are
shown in figure 1.1.6. The annual cycle can be divided into 3 phases. The first is
the ‘relaxation’ phase during M-A-M during which temperatures in the east Pacific
reach a peak and trade winds slow. During this time El Nin˜os are more likely to
develop which can be explained by ENSO phase transition mechanisms detailed in
section 1.3.1. Between July and November sea surface temperatures cool which
causes stronger trade winds. In the winter months (D-J-F) temperatures begin to
increase resulting in the trade winds reaching a maximum.
1.2 ENSO
The conditions described in section 1.1 are the background for the El Nin˜o South-
ern Oscillation (ENSO) which is the largest interannual climate signal and is char-
acterised by an oscillation of climate conditions in the equatorial Pacific occurring
every 3-6 years. The oscillation consists of two phases; the warm ‘El Nin˜o’ phase
and the cool ‘La Nin˜a’ phase.
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Figure 1.2.1: a): HadISST Nin˜o 3.4 area-averaged seasonal sea surface temperature
anomalies (1984-2000). El Nin˜o and La Nin˜a event thresholds are shaded red and
blue respectively. The El Nin˜o event shown in b) and c) is shown between vertical
dashed black lines.b): Filled contour plots for SST over the tropical Pacific ocean
for HadISST data during the 1997-1998 El Nin˜o event. c): Same as b) but showing
the SST anomaly. Nin˜o 3 (east) & 4 (west) areas are shown using solid black boxes.
Nin˜o 3.4 area is shown using a dashed black line.
The variations in the Pacific sea surface temperature during an El Nin˜o event
are typically focused in the central or east Pacific. An example of an extreme El
Nin˜o (in 1997-1998) is demonstrated in figure 1.2.1 c), which shows SST anomalies
(changes in temperature from the mean climate) in the equatorial Pacific during this
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event. This characteristic warming means that areas defined as the Nin˜o 3, Nin˜o
3.4 and Nin˜o 4 areas are often used to describe the oscillation. All three of these
areas have latitude bounds of -5◦ and 5◦ with different longitude bounds. The east
Pacific Nin˜o 3 box is between longitudes of 150◦W and 90◦W, the west Pacific Nin˜o
4 box has longitude bounds of 160◦E and 150◦W. The Nin˜o 3.4 box overlaps both in
the central equatorial Pacific with bounds of 170◦W and 120◦W. The Nin˜o 3.4 index
(SST anomalies area-averaged over the Nin˜o 3.4 area) is often used as a timeseries
representing ENSO. This index is shown for 1984-2000 in figure 1.2.1 a). Anomalies
higher than 0.5 ◦C represent the occurrence of an El Nin˜o event and anomalies lower
than -0.5 ◦C represent La Nin˜a.
1.2.1 El Nin˜o events
The SSTA spatial pattern shown in figure 1.2.1 is the warming pattern traditionally
associated with El Nin˜o events and an example of the ‘canonical’ or ‘EP’ El Nin˜o
(e.g. Rasmusson and Carpenter, 1982). However, the diversity in spatial pattern,
and consequently the predictability and teleconnections, of El Nin˜os is a topic of
great interest and discussion. A second type of El Nin˜o characterised by warming
focussed in the central equatorial Pacific, such as the event shown in figure 1.2.2
(e.g. Ashok et al., 2007), is often classified as a distinct El Nin˜o ‘type’ in the
literature, generally referred to as a ‘CP’ El Nin˜o or El Nin˜o Modoki. Recent
discussion (Capotondi et al., 2015) notes that the divide between CP and EP El
Nin˜os may not be as clear as some studies suggest and that the two event types
represent extremes of opposite ends of an El Nin˜o spectrum (demonstrated in figure
1 of Capotondi et al., 2015). This means that classifying these differing events can
be difficult and event type may vary depending on the method of classification used.
The task of identifying a single metric with which to classify El Nin˜o events has
been explored by a number of studies resulting in the proposal of various metrics.
Many methods build on the widely used Nin˜o 3.4 index and involve analysis of area-
averaged equatorial Pacific SST anomalies (e.g. Kug et al., 2009; Yeh et al., 2009;
Ren and Jin, 2011), some of which involve EOF analysis (Ashok et al., 2007; Kao
and Yu, 2009).
While the longitudinal variation in SSTA extreme during the event is often used
as a quantifier of event ‘type’, it is also thought to be a result of differences in the
processes involved in the evolution of the event (Newman et al., 2011a,b; Kug et al.,
2009). The seasonal evolution of SSTAs for both types also differs, with EP events
showing SSTAs in the east Pacific in spring which subsequently stretch westward
in summer. In contrast, CP events form in the east of the subtropics and extend
towards the equatorial central Pacific during the evolution of the event (Yeh et al.,
2014). Both CP and EP events peak in winter.
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Figure 1.2.2: a): Nin˜o 4 area-averaged seasonal sea surface temperature anomalies.
El Nin˜o and La Nin˜a event thresholds are shaded red and blue respectively. The
El Nin˜o event shown in the bottom plots is between vertical dashed black lines.b):
Filled contour plots of SST over the tropical Pacific ocean for HadISST data during
the 1994-1995 El Nin˜o event. c): Same as b) but for SSTAs. Nin˜o 3 (east) & 4
(west) areas are shown using solid black boxes. Nin˜o 3.4 area is shown using a
dashed black line.
El Nin˜o events are known to have a tendency to occur in boreal winter. Tziper-
man et al. (1998) suggest, based on the delayed oscillator theory (see section 1.3.1),
that seasonal amplification of Rossby and Kelvin ocean waves cause events to peak
during this time of year when ocean-atmosphere coupled instability is weakest. Har-
rison and Vecchi (1999) also suggest that seasonal shifts in surface winds can induce
a shallower thermocline in the east Pacific which helps to terminate El Nin˜o events
at this time of year.
Given the importance of event evolution to event diversity it follows that the
triggers of such events are also of importance to El Nin˜o event type. One such trigger
is the westerly wind bursts known to precede El Nin˜o events (Federov, 2002). The
zonal location of these bursts is thought to be linked to evolution of different types of
El Nin˜o events (Karnauskas, 2013; Harrison and Chiodi, 2009). The formation and
the result of these WWBs can also depend on the background state of the equatorial
Pacific, such as the upper ocean heat content or the west Pacific warm pool (Federov
et al., 2015; Lengaigne et al., 2004).
Other event triggers thought to play an important role in event diversity are the
North Pacific Oscillation (Xie, 1999; Alexander et al., 2010; Yu and Kim, 2011) and
the North and South Pacific meridional modes (Zhang et al., 2014). These modes
of variability can generate wind anomalies which then impact the equatorial Pacific
both thermodynamically and dynamically.
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During El Nin˜os, the equatorial Pacific circulation is disrupted causing a num-
ber of climate responses worldwide. Rainfall is particularly impacted with droughts
occurring near the west Pacific in Indonesia, the Philippines, Hawaii and east Aus-
tralia due to the eastward movement of convergence in the equatorial Pacific. Re-
gions along the equator tend to experience heavier rainfall due to the equatorward
movement of the ITCZ during an El Nin˜o (Philander, 1990).
Weather conditions further afield, around Europe, are also known to be impacted
by El Nin˜o events due to propagation of the ENSO signal to the North Atlantic re-
gion via atmospheric waves (Mathieu et al., 2004; Ineson and Scaife, 2009). During
late winter of El Nin˜o years there are negative temperature anomalies in Northern
Europe and positive temperature anomalies in Turkey. There are also ENSO related
precipitation anomalies observed in Norway and the south west Mediterranean (Phi-
lander, 1990; Bro¨nniman et al., 2007). van Oldenborgh et al. (2000) note a band of
precipitation stretching from south England to the Ukraine which is stronger in the
spring after an El Nin˜o.
CP El Nin˜os are also thought to have differing teleconnections to the traditional
EP El Nin˜o. Kao and Yu (2009) note that the CP El Nin˜o has a stronger tele-
connection with the southern Indian Ocean than the EP El Nin˜o and Kim et al.
(2009) link the CP El Nin˜o to increased frequency of North Atlantic tropical cy-
clones. Atmospheric Rossby waves which occur as a response to the CP El Nin˜o are
also found by Ding et al. (2011) to cause an increased advection of warm air to the
Antarctic continent which causes increased West Antarctic warming. Differences in
tropical convection and tropospheric teleconnections between the two types of El
Nin˜o are also linked to differences in stratospheric warming during El Nin˜o events
by Zubiaurre and Calvo (2012).
The diversity of El Nin˜no events has far reaching implications for weather world-
wide and is clearly closely linked to the development of the events. The diversity
found in this development presents a challenge for ENSO prediction. Understanding
and ensuring climate models capture the processes involved is a key area of research.
1.2.2 La Nin˜a events
In contrast to El Nin˜o, La Nin˜a is the name given to the cool phase of ENSO and is
characterised by cool SST anomalies in the Pacific. It is known that La Nin˜a events
are generally weaker than El Nin˜os. This is thought to be caused by ocean and
atmosphere non-linearities (Burgers and Stephensen, 1999; Trenberth, 1997). The
non-linear response of zonal winds (stronger wind response to warm SST anomalies)
is well known and has been linked to event amplitude asymmetry (Kang and Kug,
2002; Philip and van Oldenborgh, 2009; Frauen and Dommenget, 2010) as well as
asymmetries in event duration, evolution and transition (Dommenget et al., 2013;
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Choi et al., 2013). Jin et al. (2003) find that non-linear vertical and zonal advection
can enhance the amplitude of warm events but reduce cool event amplitude. Ad-
vection is also stated as a possible cause of asymmetric phase propagation of events
(McPhaden and Zhang, 2009). The non-linear reaction of convection has also been
suggested to cause skewed SSTs as positive SST anomalies can trigger convection
whereas negative anomalies will have no impact on already dry conditions (Burgers
and Stephensen, 1999).
Duration of events is also asymmetric as La Nin˜as generally persist longer than
El Nin˜os which Okumura and Deser (2010) suggest is caused by the non-linear re-
sponse of convection to SST anomalies which impacts event termination. Eastward
propagation of convection during El Nin˜os allows west equatorial Pacific winds to
be more impacted by remote forcing from the Indian ocean resulting in event termi-
nation. However, this does not occur during La Nin˜as resulting in prolonged events
compared to El Nin˜os.
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Figure 1.2.3: a): HadISST Nin˜o 3.4 area-averaged seasonal sea surface temperature
anomalies (1984-2000). El Nin˜o and La Nin˜a event thresholds are shaded red and
blue respectively. The La Nin˜a event shown in b) and c) is shown between vertical
dashed black lines. b): Filled contour plots of SST over the tropical Pacific ocean
for HadISST data during the 1998-1999 La Nin˜a event. c): Same as b) but for
SSTAs. Nin˜o 3 (east) & 4 (west) areas are shown using solid black boxes. Nin˜o 3.4
area is shown using a dashed black line.
La Nin˜a events also have far reaching impacts which are generally opposing
to El Nin˜o impacts (wetter instead of drier, increased strength and occurrence of
Atlantic hurricanes etc.). Climate responses tend to be stronger for El Nin˜os than
for La Nin˜as of a similar strength. It is suggested that this behaviour is caused
by an asymmetric convective response as well as a non-linear upper-tropospheric
teleconnection response over the Pacific-North American region (Hoerling et al.,
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2001).
1.3 ENSO Theory.
1.3.1 Theoretical ENSO models.
As the mechanisms governing ENSO became known the development of simple
ENSO models began and became important tools to investigate ENSO processes
and gave rise to ENSO diagnostics which will be used in this thesis. Namely, the
recharge oscillator (Battisti and Hirst, 1989; Jin, 1997b,c) allowed for the develop-
ment of the Bjerknes’ stability index (Jin et al., 2006) which gives the growth rate
of the model ENSO and can be applied to more complex CGCMs or observations.
The basis for simple ENSO models is the Gill model (Gill, 1980) which was the
first simple model to exhibit ENSO-like behaviour. This is a linear model of the
tropical Pacific atmosphere which is based on forced shallow-water equations (Mat-
suno, 1966). When a thermal forcing is applied along the equator using this model
the response shows atmospheric Kelvin and Rossby waves. To the east of the warm-
ing an eastward propagating Kelvin wave develops and to the west of the warming
a westward Rossby wave develops. This is the same response as observed (slowing
circulation, eastward anomalies to the east of the SST anomalies). As such, this
became the basis for a number of simple ENSO models.
Zebiak-Cane model
The Zebiak-Cane (ZC) model (Cane and Zebiak, 1985; Zebiak and Cane, 1987) is
a model which contains the main ENSO processes described above and was one of
the first models able to successfully simulate an ENSO-like oscillation. The model
consists of an atmosphere component and an ocean component which are coupled
together. The atmosphere component is based on the Gill model described above
(Gill, 1980) and the ocean component is based on a linear reduced-gravity model
with an added shallow frictional layer which simulates the response of the ocean to
wind forcing. The model only simulates anomalies from a given (by observations)
mean state and annual cycle and is forced with surface wind stress anomalies (ocean
model) and temperature anomalies (atmosphere model). The model covers the
tropical Pacific between latitudes of 29◦N and 29◦S.
The model’s governing equations describe temperature anomalies in the model
surface layer and accounts for temperature advection by mean (mean current damp-
ing) and simulated anomalous ocean currents, both horizontal and upwelling (zonal
advective and Ekman feedbacks) as well as variations in the thermocline (thermo-
cline feedback). Heat flux anomalies are considered proportional to sea surface tem-
45
perature anomalies and act to adjust the temperature towards the specified mean
state (thermodynamic damping). A drawback of the model is that the simulated
ENSO is too tightly linked to SST anomalies as opposed to total SST (or wind
speed) resulting in spatial biases such as wind anomalies to the east of observed.
Dewitte and Perigaud (1996) find that this is improved by introducing cloud convec-
tion data forcing and also suggest a new parametrisation of subsurface temperatures
to correct missing cold anomalies.
The model successfully simulates an irregular ENSO with a 3-4 year period with
characteristics similar to observations, such as phase locking to the annual cycle.
Zebiak and Cane (1987) also describe the phase transition mechanism as a build-up
of equatorial heat content prior to El Nin˜o events which decreases sharply during
an event. Further models based on these were then developed.
Recharge oscillator model
Cane and Zebiak (1985) and Wyrtki (1975) noticed that a build-up of warm
water in the west Pacific was a criteria for the development of an El Nin˜o. Jin
(1997b) then went on to formulate the equations for the recharge oscillator model.
This is derived from the ZC model and relies on upwelling oceanic Rossby waves
which are generated by wind anomalies and reflect at the Pacific boundary to damp
the positive SST anomalies in the central Pacific.
In the recharge oscillator, warm water is advected to the west and builds up there
prior to a warm event. As an event occurs the water is released to higher latitudes
which then helps to transition the Pacific to a neutral or La Nin˜a state where the
build up restarts. The equations describing the recharge oscillator are as follows:
dhW
dt
= −rhW − αbTE, (1.3.1)
dTE
dt
= RTE + γhw, (1.3.2)
where R = γb+ δsb
′ − c (1.3.3)
and τˆ = bTE, τE = b
′TE (1.3.4)
Equation 1.3.1 describes thermocline depth changes during basin-wide adjust-
ment. hW is the thermocline depth anomaly in the west Pacific, τˆ is proportional to
zonally integrated wind stress in the equatorial east Pacific which is linearly related
to east Pacific SST anomalies, TE, with coefficient b (equation 1.3.4). Ocean adjust-
ment given by −rhW , a damping process with rate r which represents damping of
the upper ocean system through mixing and energy loss to boundary layer currents
at east and west boundaries of the basin (further described in chapter 2). Wind
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forcing is given by the second term, which is considered proportional to east Pacific
temperature anomalies due to the approximately linear relationship between wind
stress and SST anomalies (equation 1.3.4). Ultimately, the west Pacific thermocline
depth represents the build up of warm water in the west Pacific which increases
(recharges) during strong trade winds (for negative SST anomalies) and discharges
when trade winds weaken (for positive SST anomalies).
Equation 1.3.2 describes the variation of SST anomalies in the east equatorial
Pacific and is reliant on a number of feedbacks, the strengths of which are given by
R where γ and δs are thermocline and Ekman pumping coefficients. The growth rate
of this oscillator represents ENSO stability and was adapted by Jin et al. (2006), and
later Kim and Jin (2011a), as a metric for ENSO growth rate, named the Bjerknes’
stability index, and is one of the primary metrics used in this thesis (see section
1.3.4). The key feedbacks included in the index and which will be the focus of this
thesis and how they relate to El Nin˜o development are outlined in the following
section.
1.3.2 ENSO feedbacks
ENSO is governed by a number of ocean-atmosphere interactions, the first of which
was introduced by Bjerknes (1969) who suggested an interaction between sea surface
temperature and wind stress such that positive and negative sea surface temperature
anomalies would cause a weakening or strengthening of the trade winds respectively,
resulting in the cyclic nature of ENSO.
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Figure 1.3.1: a): Zonal surface wind stress anomaly (positive is eastward) over the
tropical Pacific ocean for SODA 2.0.2 data during the 1997-1998 El Nin˜o event. b):
Same as a) but for zonal ocean current anomaly. Nin˜o 3 (east) & 4 (west) areas are
shown using solid black boxes. Nin˜o 3.4 area is shown using a dashed black line.
The atmosphere component of ENSO was discovered by Walker who noticed an
oscillation in sea level pressure in the west and central Pacific which was linked
to zonal winds termed the ‘Southern Oscillation’. Bjerknes (1969) went on to sug-
gest that relationships similar to the air-sea relationships described previously which
govern the mean Pacific climate could be the key to the observed SST oscillation.
This resulted in the definition of the Bjerknes’ feedback which is a feedback which
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describes the dynamical response of surface wind stress to small changes in sea sur-
face temperature. For example, a positive SST anomaly in the east Pacific (a small
warming) results in a weakening of the SST gradient which weakens the circulation
and shifts the ascending branch of the Walker circulation towards the central Pacific
causing eastward trade wind anomalies (shown in figure 1.3.1 a)). This results in
reduced winds overall and leads to further warming of SSTs, via reduced east Pacific
upwelling. A positive feedback loop is created which warms east Pacific SST and
triggers El Nin˜o events. The strength of the relationship between wind stress and
sea surface temperature, a.k.a the Bjerknes’ feedback, can be represented by the
linear regression of equatorial Pacific wind stress anomalies against east Pacific SST
anomalies.
This weakening of trade winds results in a number of other response in the
equatorial Pacific via air-sea interactions and causes feedback loops which ultimately
contribute to, or dampen, El Nin˜o events. The reduction in surface wind stress leads
to a weakening of the zonal ocean currents (figure 1.3.1 b)) which advect water to
the west Pacific resulting in an eastward movement of warmer west Pacific water,
further warming east Pacific SSTs. This is known as the zonal advective feedback.
Weakened surface zonal ocean currents also lead to a weaker upwelling along the
equator causing less cool subsurface water to be upwelled to the surface resulting
in warmer SST, termed the Ekman feedback. The upper ocean in the equatorial
Pacific during an El Nin˜o is shown in figure 1.3.2. The thermocline deepens in
the east Pacific due to the warmer surface waters in the central and east Pacific
and reduced upwelling resulting in an overall flatter thermocline and further surface
warming. This response is known as the thermocline feedback.
120 °E 150 °E 180 ° 150 °W 120 °W 90 °W
300
200
100
0
D
ep
th °C
El Nino SODA upper ocean temp
Longitude
0
5
10
15
20
25
30
Figure 1.3.2: The temperature of the upper ocean of the equatorial Pacific for SODA
2.0.2 data during the 1997-1998 El Nin˜o event averaged over latitudes of -5◦ to 5◦.
The location of the 20 ◦C isotherm is shown using a dashed black line
Besides the dynamical response of the atmosphere and ocean described above
there is also a thermodynamical response in which the atmosphere-ocean heat fluxes
described in section 1.1 attempt to regulate the increasing ocean temperature. The
feedbacks described above increase SST and contribute to the development of an
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El Nin˜o and are therefore positive feedbacks. In contrast, the thermodynamical
response tends to be a damping feedback which cools SST in response to a positive
SST anomaly.
1.3.3 Dominant heat flux feedbacks: Latent heat and shortwave radia-
tion.
Downward heat flux anomalies during an El Nin˜o event in the equatorial Pacific are
shown in figure 1.3.3. The largest heat fluxes, latent heat and shortwave, respond
most strongly to a surface warming, both showing a flux anomaly from the ocean
to the atmosphere (cooling the sea surface). Sensible heat flux also shows an ocean-
atmosphere flux anomaly but this is small compared to the other flux responses.
Longwave radiation shows an opposite reaction to the other fluxes, with a positive
atmosphere-ocean flux anomaly in the central Pacific (warming the sea surface).
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Figure 1.3.3: a) Net heat flux, b) latent heat flux, c) sensible heat flux, d) shortwave
radiation and e) longwave radiation anomaly over the tropical Pacific ocean for
SODA 2.0.2 data during the 1997-1998 El Nin˜o event. Nin˜o 3 (east) & 4 (west)
areas are shown using solid black boxes. Nin˜o 3.4 area is shown using a dashed
black line.
The latent heat flux anomaly is focused in the east Pacific and shows cooling due
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to an increase in evaporation. Latent heat flux is dependent on surface wind speed
and near surface specific humidity difference. As the sea surface warms in the east
Pacific the surface specific humidity is increased leading to increased evaporation
and so latent heat flux is increased.
In the bulk formula for latent heat flux (equation 1.1.1), the thermodynamical
component is the near surface humidity difference, ∆q = q∗ − q, and the dynamical
component is the wind speed, U10. Zhang and McPhaden (1995) analysed the latent
heat flux and its components in relation to equatorial Pacific SST using the TOGA
TAO array. They provide a description of the behaviour of latent heat flux in
response to SST in the equatorial Pacific and find that for lower SSTs latent heat
flux is primarily a thermodynamical response due to an exponential increase of q∗
in response to rising temperatures. At higher temperatures a slight decrease in
latent heat flux is caused by decreasing wind speed suggesting a stronger dynamical
influence at higher temperatures. This decrease in wind speed is attributed to
an unstable atmosphere at higher temperatures which causes large scale low level
convergence and therefore weaker surface winds. During El Nin˜o the increased sea
surface temperatures, which increases the near surface specific humidity difference,
result in an increase in latent heat flux which cools SST anomalies and provides a
damping feedback.
In the central Pacific, shortwave heat flux response is more important. In the
mean Pacific climate, shortwave is a strong flux from the atmosphere to the ocean as
it represents heating of the sea surface from the Sun. The negative anomaly during
an El Nin˜o shown in figure 1.3.3 d) shows a decrease in the shortwave radiation
reaching the surface meaning less warming from the Sun. This is a result of the
eastward shift of the ascending branch of the Walker circulation in response to an
east Pacific SST anomaly, increasing the cloud cover in the central Pacific. This
then causes less incoming shortwave radiation.
The feedbacks introduced here govern El Nin˜o development and in this work
are assessed for a perturbed physics ensemble using a measure of ENSO stability
known as the BJ index which is based on the recharge oscillator described in section
1.3.1. The BJ index has proved to be a powerful tool for ENSO assessment (Kim
and Jin, 2011b; Kim et al., 2013, 2014; Lubbecke and McPhaden, 2014), though
the framework it was derived from and the assumptions made in its development
means some doubt has been cast on its use assessing ENSO feedback response in a
changing climate (Graham et al., 2014). This is discussed further in the following
section.
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1.3.4 Quantifying ENSO feedbacks: BJ index.
The work in later chapters makes use of the Bjerknes’ Stability Index, or BJ index
(Jin et al., 2006), which is a measure of ENSO stability that has been widely used
to assess ENSO in models (Kim et al., 2013, 2014; Lubbecke and McPhaden, 2014).
The BJ index is the sum of six terms, each of which corresponds to a positive
or negative ENSO feedback. Here the derivation, calculation and meaning of the
individual BJ index terms is explained.
The BJ index is derived from the linear equation for SST anomalies of the mixed
layer (e.g. An et al., 1999):
∂T
∂t
= −
(
u¯
∂T
∂x
+ v¯
∂T
∂y
+ w¯
∂T
∂z
+ u
∂T¯
∂x
+ v
∂T¯
∂y
+ w
∂T¯
∂z
)
+Q (1.3.5)
SST anomalies are described by a combination of advection by mean ocean cur-
rents (given by terms containing u¯, v¯ and w¯), anomalous advection (terms containing
u, v and w) and anomalous heat flux and diffusive effects, given by Q. This equation
is then averaged over the central and east Pacific, the areas which are most relevant
to ENSO related variability. Area-averaging is notated throughout by 〈 〉 with a
subscript of E or W defining the area. The boundaries of these areas as well as
notation used are given in the table in figure 2.2.4. The area averaged SST equation
in the east Pacific is
∂ 〈T 〉E
∂t
≈−
(〈u¯〉E
Lx
+
〈−2yv¯〉E
L2y
+
〈H(w¯)w¯〉E
Hm
)
〈T 〉E − 〈u〉E
〈
∂T¯
∂x
〉
E
− 〈H(w¯)w¯〉E
〈Tsub〉E
Hm
− 〈w〉E
〈
H(w¯)
∂T¯
∂z
〉
E
+ 〈Q〉E . (1.3.6)
A number of linear approximations (given in section 2.2.3) can then be used to
obtain equations which form a simple linear coupled recharge oscillator system:
∂ 〈T 〉E
∂t
= R 〈T 〉E + F 〈h〉W (1.3.7)
∂ 〈h〉W
∂t
= − 〈h〉W − F˜ [τ ] (1.3.8)
where R is defined as:
R = −
(〈u¯〉E
Lx
+
〈−2yv¯〉E
L2y
+
〈H (w¯) w¯〉E
Hm
)
− α
+ µaβu
〈
−∂T¯
∂x
〉
E
+ µaβw
〈
−∂T¯
∂z
〉
E
(1.3.9)
+ µaβh
〈
w¯
H1
〉
E
.
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Equation 1.3.7 describes the SST anomalies in the east Pacific by a linear func-
tion of SST anomalies and upper ocean temperature anomalies. R represents the
collective strength of various ENSO feedback processes and is the sum of these feed-
back strengths which are described in further detail in section 2.2.2. Equation 1.3.8
describes the west equatorial Pacific thermocline depth, with − 〈h〉W representing
ocean adjustment, a damping process with constant rate . Sverdrup transport in
the ocean is represented by −F˜ [τ ], with F˜ also being a constant. Constant F in
equation 1.3.7 describes the frequency of the system. The growth rate of this sys-
tem, IBJ , is known as the Bjerknes’ stability index (Jin et al., 2006). Throughout,
following Jin et al. (2006), IBJ will be taken as:
IBJ =
R
2
(1.3.10)
As the BJ index (IBJ) represents the growth rate of the system this means that
for IBJ > 0 the leading mode of the system is linearly unstable (greater oscillations),
and when IBJ < 0, the leading ENSO mode is damped.
The linear nature of the BJ index means there is some doubt cast on its ability to
sufficiently capture feedbacks, some of which are inherently non-linear (Lloyd et al.,
2012; Bellenger et al., 2013; Jin et al., 2003; Wang and McPhaden, 2000; Brown
et al., 2010). Graham et al. (2014) compare the BJ index to a full non-linear heat
budget analysis and find that the strengths of a number of the dominant feedbacks,
namely the thermocline, Ekman and zonal advective feedbacks, are misrepresented
by the BJ index. In spite of this doubt a number of studies have applied the BJ
index to assess the representation of ENSO feedbacks in CGCMs both in relation
to observations (Bellenger et al., 2013; Kim and Jin, 2011b; Kim et al., 2013) and
in future climate scenarios (Kim and Jin, 2011b; Kim et al., 2014). A question of
the capabilities of the BJ index as a tool to quantify the response of ENSO to a
changing climate still remains.
1.4 ENSO in coupled climate models.
While mechanisms governing ENSO are fairly well understood the response of ENSO
to a changing climate is still a question to be answered. In order to investigate this
response it must first be ensured that ENSO can be modelled accurately in order
to minimise uncertainty in projections. A common method of assessing climate
response is the use of multi-model ensembles, such as CMIP3 and CMIP5 (Coupled
Model Intercomparison Project), collect together coupled general circulation models
(CGCMs) from various modelling centres and provide simulations of past, present
and future climate to enable in-depth analysis of climate projections. GCMs feature
an atmospheric GCM coupled to an oceanic GCM and have the benefit of allowing
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projections of future climate but analysis of results is more complex than simpler
models.
The CMIP3 models, and more recently CMIP5, have been used in many studies
to assess tropical Pacific behaviour. However, CGCMs tend to have consistent bi-
ases which can influence ENSO. The tropical Pacific has a number of biases which
are found in many CGCMS. One such bias is in the mean state conditions of the
equatorial Pacific. Models tend to have a cold tongue which is too prominent and
extends too far west (shown in Reichler and Kim, 2008). This bias is caused by a
number of factors. For example, overly strong wind stress (Guilyardi et al., 2009b,a;
Vannie`re et al., 2013) can cause strong upwelling current along the equator as well
as increased cooling via latent heat flux. Vannie`re et al. (2014) suggest that differ-
ent models may also demonstrate differing causes of this common bias, such as an
equatorward advection of off equatorial cold biases.
The too strong trade winds can also result in simulation of a double or alternating
ITCZ (Mechoso et al., 1995) which is evident in many of the CMIP3 models (Lin
et al., 2006; Bellucci et al., 2010; Brown et al., 2011) and contributes to the cold
tongue bias. A double ITCZ is characterised by strong precipitation over the ITCZ
and SPCZ with the SPCZ extending too far east compared with observations. Strong
trade winds which cause this bias in models also cause strong latent heat flux (too
much evaporation) and a weak shortwave flux (too much cloud cover) leading to
cool sea surface temperatures and insufficient precipitation along the equator.
A similar bias is the alternating ITCZ which is defined by de Szoeke and Xie
(2008) as the occurrence of the band of maximum SST and precipitation near the
equator crossing the equator during the annual cycle. Therefore the band exists in
either the northern or southern hemisphere depending on the time of year. If only
examining the annual average this bias appears as a double ITCZ but the nature
of this bias means that annual cycle errors are introduced, unlike with the persis-
tent double ITCZ bias. For example, a model with an alternating ITCZ simulates
north hemisphere meridional winds which alternate between northerly or southerly
depending on the location of the ITCZ resulting in cool SSTs in March and a gen-
eral cold equatorial SST bias. Though Brown et al. (2011) find that models which
implement flux adjustment tend to simulate the SPCZ more accurately, this does
not always correct the simulation of the SPCZ response to ENSO.
Biases in the mean state of the equatorial Pacific impact ENSO related variability
as well as the growth of ENSO events. Multi model comparison studies find that
CMIP3 models tend to have a diverse representation of ENSO amplitude as well
as the spatial structure of variability in the equatorial Pacific (Guilyardi et al.,
2009b; van Oldenborgh et al., 2005; Guilyardi, 2006). Guilyardi (2006) finds that
the diversity of El Nin˜o amplitude in the CMIP3 models could be linked to trade
winds such that weaker trade winds result in a stronger ENSO cycle. The strength
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of the annual cycle also plays a role as an annual cycle which is too strong does not
offer enough relaxation time to allow an El Nin˜o to develop (Guilyardi, 2006; Gu
and Philander, 1995; Federov and Philander, 2001).
Capotondi et al. (2006) not only investigated the strength of equatorial Pacific
interannual variability but also the spatial structure and its role in ENSO. They
particularly noted the impact spatial biases have on the timescale of ENSO. Many
models exhibit SST, thermocline and wind stress variability with narrow meridional
scales and which tend to be located too far to the west of the equatorial Pacific
than observed. The meridional scale and location of wind stress variability affects
the amount of warm water involved in the recharge/discharge process of ENSO as
well as the westward advection caused by anomalous ocean currents which can cause
ENSO with shorter timescales.
In recent years CMIP5 models have become available and are generally found
to be an improvement over the CMIP3 models. Bellenger et al. (2013) find that
the large spread of ENSO amplitudes in the CMIP3 ensemble is reduced in CMIP5.
One of the most common CGCM biases in the tropical Pacific, the cold tongue bias,
is also reduced though other biases such as central pacific precipitation anomalies
remain. Zhang and Jin (2012) also find a modest improvement to the spatial pattern
of sea surface temperature anomalies which are known to have a narrow meridional
width in CMIP3 models. This improvement is caused by improved simulation of
trade winds, ENSO period and a more realistic ENSO precipitation response.
ENSO amplitude is also governed by ENSO feedback processes such as those
described in section 1.3.2. CGCMs still struggle to simulate the strength of these
feedbacks. Thermodynamic damping, the strength of the response of surface heat
flux to sea surface temperature anomalies, is a major source of ENSO uncertainty.
This feedback is overly weak in CGCMS and shows large variations in both the
CMIP3 and CMIP5 models (Lloyd et al., 2009; Kim and Jin, 2011b; Kim et al.,
2013). Further investigation into this feedback by Lloyd et al. (2012) finds that
biases are largely related to the shortwave component of the feedback which is often
weak in CGCMs. This can be related to an underestimated dynamical response to
El Nin˜os as well as a weak response of clouds. Guilyardi et al. (2009a) and Bony
and Dufresne (2005) also find that cloud behaviour is important for an accurate
thermodynamic damping. Commonly the calculation of the strength of thermody-
namic damping considers a linear relationship between heat flux anomalies and SST
anomalies. However, Lloyd et al. (2012) find that this may be an oversimplifica-
tion which can mask errors in the simulation of the observed non-linearity of the
shortwave component of thermodynamic damping. Another important component
of thermodynamic damping is the cooling of SSTs via latent heat flux which is also
found to be weak in many CGCMs (Lloyd et al., 2009) and can be linked to biases
in wind speed or near surface humidity sensitivity in the equatorial Pacific (Lin,
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2007).
Another common cause of feedback biases is the strength of the coupling between
atmosphere and ocean, e.g. the response of surface wind stress to sea surface tem-
perature anomalies. This coupling has been found to be generally weak in CGCMs
and varies a lot between models (Guilyardi, 2006; Lloyd et al., 2009; Kim and Jin,
2011b; Kim et al., 2013). This coupling is a pivotal component of a number of
ENSO feedbacks, namely the zonal advective, thermocline and Ekman feedbacks so
a weak coupling typically causes weak positive feedbacks (Kim and Jin, 2011b). The
strength of this coupling is slightly improved in AMIP and CMIP5 runs (Lloyd et al.,
2010; Kim et al., 2013) though the reasons behind this improvement are unclear.
Weak positive ENSO feedbacks in CGCMs are also suggested by Kim et al. (2013)
to be caused by other weak ocean-atmosphere feedback loops such as the response of
ocean currents to wind stress anomalies, important to the zonal advective feedback,
and the response of the thermocline slope to wind stress anomalies which is a key
component of the thermocline feedback. The biases in these feedbacks can be linked
to errors in the mean equatorial Pacific climate. In particular, the common cold
tongue bias and weak upper ocean stratification can cause weak air-sea couplings.
The reliance on CGCMs to provide climate change projections means that the
errors discussed here are problematic. However, numerous studies have attempted to
gain insight into the response of ENSO to a changing climate, both in observations
and in multi-model ensembles, which are outlined in the following section.
1.5 ENSO under Climate Change.
1.5.1 Observed responses
Post 1980 there have been observed changes in the equatorial Pacific such as a
slowing of the Walker circulation (Held and Soden, 2006; Knutson and Manabe,
1994; Zhang and Song, 2006) which results in weakened trade winds, weakened
upwelling and a shallower and sharper thermocline (Vecchi et al., 2006). The impact
these mean climate changes will have on ENSO is still a question to be answered.
The observed weakening of the Walker circulation, reduced upwelling and weaker
trade winds are stabilizing influences on the tropical coupling system and should
theoretically result in a weaker ENSO (Meehl et al., 2001; Federov and Philander,
2001). However, Zhang et al. (2008) find that observations show an increase in
ENSO amplitude in the past fifty years (prior to 2006) which they believe is related
to observed mean climate changes. These climate changes, such as a shallower and
sharper thermocline, are destabilizing and could overwhelm the stabilizing condi-
tions (the slowing Walker circulation) resulting in the observed increase of ENSO
amplitude. It has also been suggested by Power and Smith (2007) that an increase
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in ENSO amplitude may in fact reflect a permanent shift to a warmer mean climate
rather than an increase in El Nin˜o strength. If this is the case global warming should
be taken into account when using El Nin˜o indices.
However, more recently, global temperatures have remained steady. England
et al. (2014) suggest this is linked to cool east Pacific SST caused by strong trade
winds over the past two decades. This has caused increased upwelling which cools
surface temperatures. McGregor et al. (2014) suggest this intensification of the
Walker circulation is linked to Atlantic warming and has consequently impacted
global surface warming.
Similarly, Lubbecke and McPhaden (2014) note a cooled east Pacific SST during
2000-2010 in comparison to 1980-1999. This results in reduced convection and a
westward shift in the ascending branch of the Walker circulation. These changes
in background conditions are found to impact ENSO feedbacks. In particular, a
weakened thermocline feedback is noted due to a deeper thermocline causing reduced
sensitivity of SSTs to thermocline slope anomalies. This results in a damped ENSO
and a weaker ENSO amplitude during 2000-2010. However, it should be noted that
these trends occur over a relatively short period of time.
As well as ENSO amplitude changes there is a suggestion that the occurrence
of central Pacific El Nin˜os in relation to the traditional east Pacific El Nin˜os may
increase under global warming (Yeh et al., 2009). Lee and McPhaden (2010) also
suggest that an observed west Pacific warming trend is caused by an increase in
the intensity of central Pacific El Nin˜os in recent years rather than a background
warming trend. However, Yeh et al. (2011) suggest that the observed increase in CP
El Nin˜os may simply be natural variability rather than a response to global warming.
McPhaden et al. (2011) also find that warming trends in recent years (post 2000) are
the opposite to those expected, with data showing a cooler equatorial Pacific. These
conditions are in conflict with those suggested by Yeh et al. (2009) as conditions
which favour central Pacific El Nin˜os.
A regime shift of ENSO has also been noted from 1980 (Wang and An, 2002;
McPhaden and Zhang, 2009; Federov and Philander, 2000; An and Jin, 2004) in
which ENSO shows a longer period (Federov and Philander, 2001), with stronger
El Nin˜os and a prevalence for El Nin˜os compared to the occurrence of La Nin˜as.
There was also a change in the propagation of El Nin˜os such that El Nin˜o SST
anomalies more commonly propagate eastward along the equator than previously
where westward propagation was more common. This variation in phase propaga-
tion was linked to mean climate conditions by Federov and Philander (2001) who
suggest that a deep mean thermocline and weak mean trade winds tend to result
in eastward phase propagation. However, McPhaden and Zhang (2009) note that
the propagation of La Nin˜a remains unchanged following the regime shift and cool
SST anomalies continue to propagate westward. This could suggest a non-linearity
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which favours eastward propagation of warm events and westward propagation of
cold events.
1.5.2 Projected response
Climate projections using coupled climate models (atmosphere and ocean GCMs
coupled together) are made difficult by uncertainties in the coupled model. Un-
certainties can be caused by a number of modelling choices, such as the initial
conditions, resolution choice, parametrisation schemes used for sub-grid processes
and even the choice of parameters used within those schemes. Uncertainty can
be quantified by the use of an ensemble. Multi-model ensembles (e.g. CMIP3 and
CMIP5) which collect together a number of coupled models sample the uncertainties
in numerical schemes and parametrisations and provide an improved probabilistic
projection than projections using a single model (Palmer et al., 2005).
A number of multi-model studies confirm the observed slowing of the Walker
circulation in response to increased CO2 resulting in weaker trade winds and ocean
surface currents (Vecchi and Soden, 2007; DiNezio et al., 2010; Collins et al., 2010a;
Held and Soden, 2006). Vecchi and Soden (2007) find that reduced atmospheric
circulation in the CMIP3 models result in substantial changes to thermal structure
and tropical ocean circulation. Liu et al. (2005) find that generally warming is
enhanced along the equator compared with the subtropics. DiNezio et al. (2009)
also note an asymmetry in the equatorial Pacific for the CMIP3 models such that
warming in the west Pacific is stronger than in the east due to reduced dynamic
cooling.
Multi-model studies into the response of ENSO to climate change often find
mixed results, particularly when investigating ENSO amplitude and period (Collins
et al., 2010a; DiNezio et al., 2012; Merryfield, 2006; van Oldenborgh et al., 2005;
Vecchi and Wittenberg, 2010; Yeh et al., 2006; Guilyardi, 2006) . An initial accurate
simulation of ENSO is important when attempting to predict ENSO response which
as noted above is still an issue in current CGCMs. Merryfield (2006) find a mixture
of responses of ENSO amplitude to CO2 doubling in a subset of CMIP3 models and
go on to suggest the response depends on the meridional width of the ENSO wind
stress response which can be linked to the dominance of certain feedbacks. Models
which have ENSO’s dominated by thermocline feedbacks tend to have a wide wind
stress response and show ENSO amplitude increases under climate change. Zelle and
van Oldenborgh (2005) similarly suggest that a model which simulates an incorrect
meridional extension of the wind stress response has an ENSO insensitive to global
warming. Yeh and Kirtman (2007) also suggest that ENSO amplitude responses to
global warming are dependent on the linearity of the simulated ENSO. For example,
models which have a linear ENSO regime appear insensitive to mean state changes
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compared with models with a non-linear ENSO.
The role of asymmetry, particularly for extreme events (Takahashi et al., 2011;
Takahashi and Dewitte, 2015), presents a challenge when assessing projected ENSO
responses and may mean that assessment of events using SSTAs is not ideal (Capo-
tondi et al., 2015; Karnauskas, 2013). The longitudinal variation of SSTAs, indi-
cating the diversity of El Nin˜o event development (see section 1.2.1), suggests that
a dynamics or impact based approach to ENSO’s projected response to a warming
climate may be preferable. For example, the use of atmospheric data, such as rain-
fall, allows quantification of the atmospheric circulation response during El Nin˜o,
more relevant to extreme events than SST (Lengaigne and Vecchi, 2010; Cai et al.,
2015b, 2014)
While little consensus is reached in the literature regarding projected ENSO
response using an SST-based analysis, a rainfall based definition of El Nin˜o yields
more consistent results (Cai et al., 2015a). Watanabe et al. (2012) find precipitation
as a good representation of ENSO amplitude response in past years but results
are less conclusive for future projections. However, the rainfall response to SST
anomalies in a warmer climate shows a consistent increase (Power et al., 2014) due
to the non-linear response of precipitation to temperature. Weakened mean SST
gradients allow SST anomalies to more easily weaken surface temperature gradients
resulting in an increased frequency of extreme El Nin˜o events (figure 2 of Cai et al.,
2014) in a warmer climate, demonstrated by increased rainfall. This behaviour
of extreme events and the link they have to ENSO feedbacks (Cai et al., 2015a;
Takahashi and Dewitte, 2015) reinforces the importance of understanding the ENSO
feedback response to a warming climate.
A multi-model heat budget analysis carried out by DiNezio et al. (2012) suggests
that consistent ENSO feedback changes may balance each other out leading to weak
or mixed responses. Weakened upwelling in response to a weakened Walker circula-
tion reduces thermocline-driven anomalous SSTs, i.e. the thermocline feedback, re-
ducing ENSO amplitude. However, stronger subsurface temperature gradient associ-
ated with increased thermal stratification results in increased zonal current-induced
temperature anomalies, i.e. the zonal advective feedback, increasing amplitude.
The counter-action of these two feedbacks leads to the mixed response of ENSO
amplitude to climate change.
Philip and van Oldenborgh (2006) also relate changes in ENSO to the response
of ENSO feedbacks. Under climate change in an ensemble of CMIP3 models the
overall ENSO properties show little change but changes in mean state do affect
feedback loops. Higher mean SST results in a stronger damping via cloud feedback.
Shallower thermocline and mixed layer depth results in increases sensitivity of SST
to thermocline and wind stress variability. Wind response to SST also increases
in areas of larger mean SST increase. These changes are balanced by the stronger
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damping and a more stable atmosphere so the overall change to ENSO is small.
Stability analysis using the Bjerknes’ stability index on the CMIP3 models by
Kim and Jin (2011b) finds various consistent changes in ENSO feedbacks under
increased CO2 despite mixed results for ENSO amplitude and stability. Thermody-
namic damping, zonal advective and Ekman feedbacks show increases in strength
due to changes in the mean state and atmospheric and ocean responses. How-
ever, these feedbacks are in competition with each other and these increases tend to
counter-act each other leading to inconclusive results for ENSO amplitude and the
BJ index.
A recent study (Kim et al., 2014) using 9 CMIP5 models which simulate ENSO
‘best’ find very similar ENSO amplitude and BJ index results under global warming
with a slight increase then a decrease over time for both. These responses are
found to be related the thermocline feedback response which dominates the stability
changes suggesting the strong influence this has on ENSO amplitude.
Supported by observed events in recent years there have been studies which
investigate the occurrence of CP El Nin˜os under climate change. Yeh et al. (2009)
find that the ratio of CP to EP events increases by up to 5 times in global warming
scenarios. They suggest this is related to background climate changes such as a
flattening thermocline which impact ENSO feedbacks. Kim and Yu (2012) also note
a steady increase of CP El Nin˜os in CMIP5 RCP4.5 scenarios. Similarly, Santoso
et al. (2013) linked a change in ENSO propagation to changes in ENSO feedbacks,
namely the thermocline and zonal advective feedbacks, which are caused by changes
in mean ocean currents.
While there is not a strong consensus on the projected response of ENSO ampli-
tude or frequency it does seem possible that various feedback responses may coun-
teract each other (such as increasing thermodynamic damping or increasing zonal
advective feedback). There is still investigation to be done on the impact this may
have on ENSO events and teleconnections.
1.6 Thesis aims.
The aims of this thesis fall roughly into three questions, the first two of which
have been subdivided into smaller questions. Dominant ENSO feedbacks are known
to have biases in the models used for global warming projections which result in
uncertain projections. Therefore, it is important that the causes of these biases are
isolated and improved in future models. This provides the motivation for the first
question:
Is ENSO stability linked to variations in the model climate?
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• What is the ‘realism’ of the mean climate and ENSO in the HadCM3 ensemble?
• What causes variations in ENSO in different ensemble members?
• What are the causes of the weak latent heat flux damping and how are these
related to the mean Pacific climate in the HadCM3 ensemble?
The impact of global warming on ENSO is also uncertain and it is important
to understand the links between changing background conditions and El Nin˜o feed-
backs. This results in the second research question:
What is the projected response of ENSO stability under global warming
and what are the drivers of the response?
• What is the projected response of the Pacific ocean and ENSO to global warm-
ing in the HadCM3 ensemble
• What causes the responses of ENSO feedbacks to global warming in the
HadCM3 ensemble?
• What causes the inter-ensemble diversity and strong climate change response
of shortwave damping?
In order to answer these first two questions the Bjerknes stability index is im-
plemented to assess ENSO in a perturbed physics ensemble under a global warming
scenario. The third of the research questions is motivated by the relationship be-
tween the Bjerknes stability index and ENSO amplitude and asks:
Can the BJ index be used to reliably approximate ENSO amplitude?
Chapter 2 outlines the methods, ensemble and reanalyses which have been used
throughout. The perturbed physics ensemble’s present day ENSO is assessed in
chapter 3. Chapter 4 investigates the response of ENSO in the global warming
scenario. Dominant ENSO feedback biases and responses are further analysed in
chapter 5. These results are then used to answer the three aims above in chapter 6
where possibilities for future research building on this work are also outlined.
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2 Models & Methodology.
This thesis assesses coupled climate model data in comparison to reanalysis and
observed data. This chapter will describe the models and datasets used as well as
the methodology used in the analysis.
2.1 Models & Datasets.
In chapters 3, 4 and 5 analysis is carried out on a HadCM3 perturbed physics
ensemble in comparison to various reanalyses and observation datasets. The models
and datasets used are described in the following sections. It is important to be
aware that these datasets are not perfectly representative of the true climate due
to various biases. Reanalysis data can be biased due to numerical model errors
or measurement bias in the assimilated data. These datasets are generally more
accurate for later time periods (post 1970), because of data measurement advances.
Similarly, observation datasets suffer from biases caused by measurement error, data
conversion error or from algorithms used to fill missing data points. Despite this,
these datasets are useful for giving an idea of any large model errors.
2.1.1 HadCM3 perturbed physics ensemble.
Previous studies use the BJ index with multi-model ensembles to link feedbacks
to the mean Pacific climate (Kim et al., 2013) and to assess ENSO response to a
warming climate (Kim and Jin, 2011b; Kim et al., 2014). While multi-model en-
sembles allow uncertainties in model structure to be explored they cannot represent
the full range of model uncertainty. Perturbed physics ensembles aim to understand
the uncertainty in a single model framework (Murphy et al., 2004, 2007; Stainforth
et al., 2005) caused by parameter choice rather than model structure (e.g. choice of
resolution). Perturbed physics ensembles (PPEs) are generated from a single model
presenting a way of producing a large ensemble and allowing for the experiment to
be controlled while exploring uncertainties in processes or feedbacks by perturbing
poorly constrained parameters. Different physical schemes can also be switched in
and out as well as perturbing parameters. This approach enables an easier way to
understand the drivers of different responses in a model and the consequences of
different parameter choices (Sanderson et al., 2008; Clark et al., 2010; Sexton and
Murphy, 2012; Murphy et al., 2004)
With this in mind, the work here focusses on results from a HadCM3 PPE. The
PPE features a fully coupled version of HadCM3 (Collins et al., 2010b) with an
interactive sulphur cycle. The ensemble consists of a total of thirty-three members,
which can be split into two sixteen member sub-ensembles with one ensemble mem-
ber having standard HadCM3 parameters. The two sub-ensembles each consist of
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sixteen ensemble members, featuring either perturbations to the atmosphere compo-
nent (the first sub-ensemble) or perturbations to the ocean component (the second
sub-ensemble).
The first sub-ensemble consists of multiple perturbations to parameters in the
atmosphere component simultaneously (as opposed to single parameter perturba-
tions). Parameter combinations are chosen from a larger perturbed physics ensem-
ble (see Collins et al., 2010b) to provide a uniform sampling of climate sensitivity
and ensure a wide range of parameter settings are sampled. Atmosphere parameters
relating to large scale cloud, convection, radiation, sea ice and boundary layer and
surface processes are perturbed (see table A.2 in the appendix for full parameter
descriptions).
The remaining sixteen ensemble members in the second sub-ensemble have per-
turbations to schemes and parameters in the ocean component but feature standard
atmosphere settings. Parameters are varied for these ensemble members in schemes
controlling the horizontal mixing of heat and momentum, vertical diffusivity of heat,
mixed layer processes, isopycnal mixing and water type (see table A.1 in the ap-
pendix for ocean parameter descriptions). Full description of the perturbations made
in the PPE are given by parameter value tables in the appendix. Tables A.3 - A.15
list the values for atmosphere physics parameters in the first sub-ensemble and tables
A.16 - A.19 list values of ocean physics parameters for the second sub-ensemble.
The ensemble uses heat flux adjustment in order to avoid model drift caused by
top of atmosphere imbalances due to perturbations and to improve regional climate
change and feedback simulation. It should be noted that the use of flux adjustment
can lead to equatorial Pacific mean climate biases which can in turn influence ENSO
variability (Spencer et al., 2007).
Flux adjustment is a regionally and seasonally varying heat flux which is added
to the ocean surface heat flux. The flux adjustment field is calculated using a
calibration phase where modelled SST is reset to the observed climatology at the
end of each day. The heat flux required for this reset is stored and at the end of
the calibration phase a time-average of this field is taken. In later model runs this
field is then added at the model surface to allow SSTs to remain close to observed
SST in climatology runs but can still respond to forcing (e.g. increased CO2). The
flux adjustment fields applied to the HadCM3 ensemble (shown seasonally in figure
2.1.1) over the equatorial Pacific are largest in the east Pacific in the autumn and
winter months (September to February) showing an equatorial mean of up to 100
Wm−2 between longitudes 160◦W and 120◦W. The figure also shows that during
this time in the east Pacific ensemble members with ocean perturbations require the
largest flux adjustment.
Analysis carried out here uses data spanning one hundred and eighty years begin-
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Figure 2.1.1: Flux adjustment against longitude for DJF, MAM, JJA and SON aver-
aged over latitudes -5◦ to 5◦. Individual ensemble members are coloured depending
on parameter perturbation type (standard parameters, atmosphere perturbation or
ocean perturbation).
ning 1986 using the SRES A1B emissions scenario. This scenario comes from the A1
storyline of IPCC emissions scenarios (Nakic´enovic´ and Swart, 2000) and describes
a future of rapid economic growth and a peak in global population mid-century. The
A1B scenario represents balanced energy source (not relying too heavily on fossil or
non-fossil energy sources). Global CO2, CH4 & SO2 emissions increase up to around
2050 then decrease post 2050 (see figure 10.26 of Meehl et al., 2007). Throughout
this work sixteen overlapping detrended thirty year time periods with start years
staggered at ten year intervals are used when responses under climate change are
analysed.
Fields used in this thesis are sea water temperatures to depth of 300m, surface
zonal wind stress, surface zonal ocean current, surface meridional ocean current,
upwelling ocean current, precipitation, surface sensible heat flux, surface latent heat
flux, shortwave radiation, longwave radiation and surface specific humidity.
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2.1.2 SODA 2.0.2.
Analysis of observed ENSO is difficult due to a short duration of the observed
records. SSTA reconstructions and proxy records both provide historical datasets
but the reliance on recent SST patterns for reconstructions and the sparsity of proxy
records are drawbacks for both these options. An alternative are reanalysis datasets
such as the one used here; SODA (Simple Ocean Data Assimilation, Carton and
Giese, 2008; Carton et al., 2005) 2.0.2. Reanalyses are essentially a combination
of observed and modelled data and do not rely on recent SSTA spatial patterns
as SST reconstructions do but assimilate both ocean and atmosphere observational
data into a GCM to obtain a spatially and temporally complete dataset, though of
course reanalyses are still limited by the availability of observed data. Accordingly,
a downside of reanalyses is the reliance on GCMs which cause reanalysis datasets to
be subject to model bias in the same way as coupled model projections are. However,
for the analysis carried out here, which requires assessment of the ocean subsurface,
ocean reanalyses present a good option for comparison with the PPE.
The SODA 2.0.2 reanalysis uses an ocean general circulation model which is
based on the Parallel Ocean Program (POP) physics and has a resolution of 0.25◦
latitude by 0.4◦ longitude with 40 levels. SODA covers a 44 year time period from
1958 to 2001 and version 2.0.2 uses ERA-40 daily surface wind stress as observed
surface forcing (Uppala et al., 2005). Surface freshwater flux from 1979 is taken
from the Global Precipitation Climatology Project monthly satellite-gauge merged
product (Adler et al., 2003). Evaporation and other surface heat flux boundary
conditions are calculated using bulk formulas. The observation data used includes
subsurface temperature and salinity observation obtained from the World Ocean
Database 2001 (Boyer et al., 2002; Stephens et al., 2002) and from the National
Oceanographic Data Center (NODC)/NOAA temperature archive, including obser-
vations from the Tropical Atmosphere Ocean/Triangle Trans-Ocean Buoy Network
(TAO/TRITON) array. Observations are also supplemented by ship intake mea-
surements and remotely sensed SST.
The OGCM is forced with the surface boundary condition described above and
is then subsequently corrected based on the observed data. Assimilation of data is
carried out every 10 days with corrections introduced incrementally at every time
step (the incremental analysis update methodology used is given in Bloom et al.
(1996). Averages of model output are saved at 5-day intervals. Fields used in this
thesis are monthly mean values of temperature, zonal wind stress, zonal velocity,
meridional velocity and vertical velocity used in the calculation of the Bjerknes’
stability index for the time period 1984-2000. ERA-Interim, which also contains the
fields necessary for the BJ index calculation, features some temporal inconsistencies
in mean precipitation due to use of rain-affected satellite radiances in the ERA-
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Interim system. Energy balance at the surface boundary is also poor, particularly
in the tropical oceans due to excessive solar radiation associated with cloud cover
biases (Dee et al., 2014). For these reasons SODA 2.0.2 is preferred in this analysis.
2.1.3 HadISST.
The HadISST (Hadley Centre sea ice and sea surface temperature) dataset is a global
SST and sea ice dataset covering 1870 to the present day though in this thesis only
the SST field from 1980 to 2010 is used. The monthly SST field is gridded on a 1◦
latitude-longitude grid and is constructed using a combination of in situ and satellite
data though for earlier time periods (prior to 1982) only in situ data is used. To
obtain a spatially complete dataset reduced space optimal interpolation (RSOI) is
applied to the in situ and satellite data. Generally, HadISST compares well with
other reanalyses and captures trends in global and regional SST well. For further
details see Rayner et al. (2003). HadISST is used in this thesis for comparison with
sea surface temperature results (such as ENSO amplitude) of the HadCM3 model.
2.1.4 OAFlux.
The OAFlux (Objectively Analyzed air-sea fluxes, Yu and Weller (2007)) analysis
is a 49 year analysis which uses a combination of satellite data and atmospheric
reanalyses to produce products on a 1◦ latitude-longitude grid. OAFlux provides
the latent and sensible heat flux used in this thesis as well as sea surface temperature
used in the calculation of the thermodynamic damping observed value. OAFlux
data covers the time period of 1958 to 2010 though only 1984 to 2000 is used in this
thesis due to the availability of shortwave and longwave radiation fields. OAFlux
net surface heat flux is obtained by combining OAFlux sensible and latent heat
fluxes with the ISCCP (International Satellite Cloud Climatology Project, Schiffer
and Rossow, 1983) shortwave and longwave radiation.
In comparison to similar datasets (NCEP and ECMWF data sets), Yu and Weller
(2008) find much smaller biases for latent heat and sensible heat fluxes. Of particular
importance is the representation of latent heat flux which is improved in OAFlux
compared with other datasets, though still features a slight underestimation bias in
the tropical Pacific.
2.2 Methodology.
Sections 3, 4 and 5 will analyse the data described in the previous section in a
number of ways. Methods used include various ENSO metrics such as the ENSO
amplitude and a measure of ENSO stability, the Bjerknes’ stability index. The
methods used throughout will be outlined in detail in this section.
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2.2.1 Climate mean & variability.
The quantification of climate variability (particularly sea surface temperature) in
the equatorial Pacific is very important when analysing ENSO behaviour. One of
the more common ways to do this involves area-averaging over the Nin˜o 3, Nin˜o 3.4
and Nin˜o 4 areas which are located in the equatorial Pacific, shown in figure 2.2.1.
All three lie between latitudes of 5◦N and 5◦S with different longitudes. The Nin˜o
3 region is located in the east Pacific between longitudes 150◦W and 90◦W. This
and the Nin˜o 3.4 region (located between longitudes 170◦W and 120◦W) are most
often used to assess ENSO related variability, in particular the standard deviation of
Nin˜o 3.4 averaged sea surface temperature anomalies is used as a measure of ENSO
amplitude. Power spectra of Nin˜o 3.4 SSTAs also provide an idea of ENSO period.
The west Pacific Nin˜o 4 area, located from longitude 160◦E to 150◦W, is useful for
understanding remote ENSO behaviour, such as zonal wind stress and ocean current
responses. In the case of ocean currents areas referred to as Nin˜o 3’ and Nin˜o 4’
are used for are-averaging. These areas have the same longitudinal extents as Nin˜o
3 and 4 but have latitude ranges of -2.5◦ to 2.5◦ as ocean current activity is more
relevant closer to the equator.
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Figure 2.2.1: Nin˜o 3, Nin˜o 3.4 and Nin˜o 4 averaging areas plotted over HadISST
1980-2010 sea surface temperature anomaly standard deviation in the equatorial
Pacific. Areas of strong SST variability are shown in darker red. Areas of weak SST
variability are shown in white. The Nin˜o 3 (longitudes 150◦W - 90◦W) and Nin˜o
4 (longitudes 160◦E - 150◦W) areas are outlined in black boxes and the Nin˜o 3.4
(longitudes 170◦W - 120◦W) area is outlined in a blue box
These regions are often used here to calculate area-averaged time series which
are then used to analyse the climate change response in the equatorial Pacific ocean
and to assess model biases. The area-averaged timeseries can then provide measures
of time-mean climate or climate variability. Calculating the mean climate simply
involves taking the time mean of the area-averaged data. For measures of climate
variability, the timeseries are detrended and seasonal anomalies are found by remov-
66
ing the mean seasonal cycle from the time series. Climate variability is measured as
the standard deviation of the area-averaged seasonal anomalies. Contour plots are
also produced, such as the one shown in figure 2.2.1, which allow for analysis of spa-
tial distributions and are simply a result of the analysis described above performed
at individual grid-points rather than on an area-average.
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Figure 2.2.2: Standard deviations of monthly Nin˜o 3 SSTAs for HadISST data over
1980-2010, demonstrating annual cycle phase locking behaviour of ENSO.
ENSO is phase locked to the seasonal cycle meaning that El Nin˜o events are
more likely to occur during winter months (November, December and January).
This characteristic has been linked to ENSO teleconnections and various measures
of the strength of phase lock have been suggested. Here the metric suggested by
Bellenger et al. (2013) is used. First the standard deviations of the Nin˜o 3 sea
surface temperature anomalies of each month are found, shown in figure 2.2.2 for
the HadISST data. ENSO phase locking is demonstrated by strong variability in
the winter months when compared to the summer months. The ratio between the
mean of the SSTA standard deviations of the winter months, NDJ, over the mean of
the spring months, MAM, provides a measure of the strength of the phase locking
shown by ENSO during the analysed time period.
The representation of the annual cycle strength is also important to ENSO sim-
ulation. For example, a strong annual cycle has been linked to a weak ENSO by
Guilyardi (2006) and Timmermann et al. (2007). Therefore a way of analysing
the strength of the annual cycle is required. Here, a measure is used in which the
standard deviation of the sea surface temperature annual cycle is taken where the
annual cycle is defined as the monthly means of Nin˜o 3 SSTs, shown in figure 2.2.3
for HadISST.
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Figure 2.2.3: Nin˜o 3 SST annual cycle (monthly mean values) for HadISST data
over 1980-2010. The standard deviation of these values gives the strength of the
annual cycle.
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Notation Explanation
T anomalous sea surface temperature (top 50m), ◦C
τ anomalous surface zonal wind stress, Pa
u anomalous surface zonal ocean current (top 50m), m s−1
v anomalous surface meridional ocean current (top 50m), m s−1
w anomalous upwelling ocean current at depth 50m, m s−1
h anomalous ocean temperature (top 300m), ◦C
q∗ saturated surface specific humidity, g kg−1
q near surface specific humidity, g kg−1
P anomalous precipitation, mm day−1
Q, QLW , anomalous heat fluxes, W m
−2
QLH , QSW , QSH
T¯ , τ¯ , u¯, time-means of the relevant variables (given above)
v¯, w¯ etc.
Lx, Ly latitudinal and longitudinal extents of area-averaging box
H(w¯) step function where H(w¯) = 1 for w¯ > 0
and H(w¯) = 0 otherwise
Hm effective vertical advection depth
H1 mixed layer depth (taken as fixed, 50m)
α, µa, βu, linear climate feedback coefficients, explained in
βw, βh, αpr detail in section 2.2.3
αLW , αLH , heat flux feedbacks, details in section 2.2.3
αSW , αSH
αq, αq∗, α∆q humidity feedbacks, details in section 2.2.5
〈 〉E east Pacific area-averaging over longitude 180◦ - 80◦W and
latitude 5◦N - 5◦S (see figure 2.2.5)
〈 〉W west Pacific area-averaging over longitude 120◦E - 180◦ and
latitude 5◦N - 5◦S (see figure 2.2.5)
[ ] equatorial Pacific area-averaging over longitude 120◦E - 80◦W
and latitude 5◦N - 5◦S (see figure 2.2.5)
Figure 2.2.4: Definition of the notation used in this thesis.
2.2.2 Bjerknes’ Stability Index.
Clearly, the use of area-averaging in the calculation of the BJ index (formula given
in equ. 1.3.9 and 1.3.10 and notation shown in table 2.2.4) is important and while
a method for choosing the longitudinal extents of the area-averaging boxes exists
(given in Kim and Jin, 2011a) this is not used here due to the large number of
ensemble members and overlapping time periods in climate change analysis which
results in changing spatial patterns. The use of flux adjustment in the ensemble also
minimises spatial differences between ensemble members. Instead, a fixed division
between the east and west Pacific at longitude 180◦ was chosen for all time periods
and ensemble members. In order to check this did not have a large impact on results,
a number of other longitudes were tested and compared to the results presented in
this thesis with no large result changes found. The BJ index area-averaging boxes
chosen for this thesis are displayed in figure 2.2.5.
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Figure 2.2.5: BJ index east and west Pacific averaging areas plotted over HadISST
1980-2010 sea surface temperature anomaly standard deviation in the equatorial
Pacific. Areas of strong SST variability are shown in darker red. Areas of weak
SST variability are shown in white. The east (longitude 180◦ - 80◦W) and west
(longitude 120◦E - 180◦) areas are outlined in black boxes
Each term in the BJ index formula (given in equ. 1.3.9) represents a different
process involved in the ENSO cycle. The individual terms are listed as follows:
−
(〈u¯〉E
Lx
+
〈−2yv¯〉E
L2y
+
〈H (w¯) w¯〉E
Hm
)
, (2.2.1)
−α, (2.2.2)
µaβu
〈
−∂T¯
∂x
〉
E
, (2.2.3)
µaβw
〈
−∂T¯
∂z
〉
E
, (2.2.4)
µaβh
〈
w¯
H1
〉
E
. (2.2.5)
Two represent negative feedbacks (equations 2.2.1 and 2.2.2) which damp east Pacific
SSTs and three represent positive feedbacks (equations 2.2.3 - 2.2.5) which warm
east Pacific SSTs. Notation used in these equations is explained in the table in
figure 2.2.4
Equation 2.2.1 is the ENSO damping term due to mean state of ocean currents.
The mean climate of the Pacific ocean features westward ocean currents along the
equator, poleward meridional currents and upwelling ocean currents in the east
equatorial Pacific. These currents all contribute to cool waters in the east Pacific.
Zonal ocean currents result in warmer waters being confined to the west Pacific and
causes upwelling currents in the east which results in transport of cool subsurface
waters to the surface. This contributes to the cool La Nin˜a phase of ENSO giving
the damping feedback represented in equation 2.2.1. The strength of this damping
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increases for stronger mean westward, upwelling and meridional ocean currents.
Equation 2.2.2 represents thermodynamic damping, the strength of the cooling
of sea surface temperatures caused by fluctuations in atmosphere ocean heat flux.
The warming of sea surface temperatures in the east Pacific during El Nin˜o events
results in a decrease of the heat flux from the atmosphere to the ocean which has a
cooling effect on the SSTs there.
The remaining three equations (equations 2.2.3 - 2.2.5) represent the positive
ENSO feedbacks. All positive feedbacks are related to the response of equatorial
Pacific surface zonal wind stress to east Pacific sea surface temperatures anomalies.
As El Nin˜o events develop the warming east Pacific SSTs cause a weakening of
the trade winds which in turn impacts Pacific climate in various ways leading to a
number of positive feedback loops which further warm east Pacific SSTs.
The zonal advective feedback, equation 2.2.3, is the first of these feedback loops
and relates to advection in the equatorial Pacific. Weakened trade winds during
El Nin˜o events results in anomalous eastward advection of warmer waters which
increases the east Pacific sea surface temperature. Weakening trade winds also im-
pact the east Pacific upwelling giving rise to the Ekman feedback shown in equation
2.2.4. Anomalous eastward wind stress causes a weakening of the east Pacific up-
welling which results in less sub surface cool water upwelling to the surface leading
to warmer east Pacific SSTs. The thermocline also deepens in the east Pacific and
shoals in the west leading to a reduced thermocline slope overall and warming sur-
face temperatures, represented by the thermocline feedback in equation 2.2.5. See
section 1.3.2 for further feedback explanation and figures.
The individual relationships which make up the feedback loops, such as the
weakening of trade winds in response to warmer temperatures, are represented by
the linear feedback coefficients denoted µa, βu, βh, βw and α. The next section goes
on to explain the calculation and meaning of these coefficients in more detail.
2.2.3 Feedback coefficients.
This section will describe the origins of the coefficients introduced in equations 2.2.1
- 2.2.5 and what they represent. Equations 2.2.6 - 2.2.15 define these coefficients and
describe some of the main processes known to contribute towards an El Nin˜o event.
The derivation of equation 1.3.8 relies on a number of assumptions of linearity, the
coefficients described here are found by linearly regressing area-averaged timeseries
against each other.
The first assumption lies in the relation of east Pacific heat flux anomalies to east
Pacific sea surface temperature anomalies. In order to represent 〈Q〉E (which com-
bines heat flux and diffusive effects) in terms of east Pacific SST it is assumed that
heat flux anomalies dominate and depend linearly on local temperature anomalies
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such that
〈Q〉E = −α 〈T 〉E . (2.2.6)
This introduces the constant thermal damping rate, α, which is estimated by
linearly regressing heat flux anomalies against SST anomalies. The equation rep-
resents the regulation of ocean temperature due to surface heat flux. For example,
as sea surface temperatures warm the heat flux into the ocean from the atmosphere
decreases cooling the temperature anomaly. Prior to calculation of α heat flux is
adjusted to account for any influence of flux adjustment on the calculation of α, de-
scribed more fully in section 2.2.6, then seasonal anomalies of east Pacific heat flux
are linearly regressed against east Pacific temperature anomalies to find α. Note,
the coefficient equations have no intercept constant as anomalies are used in the
regression.
Thermodynamic damping can be decomposed into individual heat flux feedbacks,
shortwave radiation, latent heat flux, sensible heat flux and longwave radiation
feedbacks, see section 2.2.2. The total strength of thermodynamic damping is simply
the sum of the individual heat flux feedback strengths:
α = αSW + αLH + αSH + αLW (2.2.7)
where
〈QSW 〉E = −αSW 〈T 〉E , (2.2.8)
〈QLH〉E = −αLH 〈T 〉E , (2.2.9)
〈QSH〉E = −αSH 〈T 〉E , (2.2.10)
and 〈QLW 〉E = −αLW 〈T 〉E . (2.2.11)
Thermodynamic damping coefficients calculated in this way are in units ofWm−2K−1.
In order to obtain the thermodynamic damping in units of s−1 for the BJ index
calculation the thermal damping rate is multiplied by the mixed layer capacity of
4.18 ∗ 103 × 1026× 50 (specific heat of water × mass m−2 × mixed layer depth).
These coefficients are also calculated by linearly regressing the individual east
Pacific area-averaged heat flux anomalies against east Pacific sea surface tempera-
ture anomalies. The strength of the individual heat flux feedbacks are represented
by α with a subscript depending on the flux (SH, LH, SW and LW for sensible heat,
latent heat, shortwave radiation and longwave radiation respectively).
A linear relationship between east Pacific SST anomalies and equatorial Pacific
wind stress anomalies is also assumed resulting in:
[τ ] = µa 〈T 〉E . (2.2.12)
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The previous chapter points out the importance of the relationship between sea
surface temperatures and wind stress in the positive zonal advective, Ekman and
thermocline feedbacks where the warming ocean during El Nin˜o events causes de-
creased trade winds (further resulting in a number of feedback loops). The strength
of this response is approximated by µa here and is found by the linear regression of
the equatorial Pacific wind stress against the east Pacific sea surface temperature.
Sverdrup balance between the zonal pressure-gradient, caused by the tilt of the
thermocline, and zonal wind stress anomalies (Jin, 1997a; Burgers et al., 2005)
implies:
〈h〉E − 〈h〉W = βh [τ ] . (2.2.13)
This also utilises the assumption that thermocline-depth anomalies can be approxi-
mated by upper ocean temperature anomalies. A strengthening of wind stress results
in a decrease in thermocline depth in the east and an increase in the west thus a
steeper thermocline slope overall. Conversely, weakened trade winds result in a flat-
tening thermocline, further decreasing trade winds (Philander, 1981). The strength
of this relationship, βh, is an important component of the thermocline feedback.
Using the basis of the Zebiak-Cane model (see section 1.3.1) it is assumed that
surface zonal ocean currents is made up of 2 components (based on a 2 layer upper
ocean). The first is caused by the vertical shear of zonal current anomalies in the
mixed layer and the layer below which is forced by surface zonal wind stress (Jin and
An, 1999). The second component is the vertical averaged zonal currents of the two
layers in the upper ocean, caused largely by Ekman pumping, therefore is reliant
on surface zonal wind stress anomalies and thermocline tilt anomalies (Battisti and
Hirst, 1989). This results in a linear approximation of zonal current anomalies
containing both zonal surface wind stress and thermocline depth anomalies:
〈u〉E = βu [τ ] + βuh 〈h〉W . (2.2.14)
The sensitivity of surface zonal ocean currents to surface zonal wind stress
anomalies, βu, is a key component of the zonal advective feedback and represents
the strength of the weakening of zonal ocean currents in response to weakened zonal
surface wind stress.
Along the equator surface zonal wind stress results in Ekman flow of upper ocean
water away from the equator causing an upwelling of subsurface water. Stronger
wind stress typically results in a stronger upwelling and vice-versa. Using the as-
sumption that surface wind stress is the main cause of equatorial Pacific upwelling:
〈H (w¯)w〉E = −βw [τ ] (2.2.15)
where βw relates to the feedback loop causing the Ekman feedback and links up-
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welling anomalies to surface temperature anomalies (via its relationship with zonal
surface wind stress) and is found by regressing east Pacific upwelling current anoma-
lies against equatorial Pacific wind stress anomalies.
Generally the assumption of linearity for the sensitivities described here is a good
one but it is known that this is an oversimplification in a number of cases. In partic-
ular, the non-linear response of zonal wind stress to SSTAs (Kang and Kug, 2002;
Philip and van Oldenborgh, 2009) and non-linearities in thermodynamic damping
(Lloyd et al., 2012; Bellenger et al., 2013) and their impact on ENSO (Dommenget
et al., 2013; Choi et al., 2013; Jin et al., 2003) are known. The assumptions of
linearity used for these key components of the BJ index cast doubt on its ability to
accurately quantify feedbacks (Graham et al., 2014). An example of the calculation
of these sensitivities is given in figure 2.2.6 which shows the results of the linear
regressions carried out using the reanalysis data.
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Figure 2.2.6: The regressions to find α, βh, µ, βu and βw using SODA 2.0.2 and
OAFlux reanalyses for 1985-2000. Regressions are carried out using detrended sea-
sonal anomalies.
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2.2.4 Feedback coefficients: αLH decomposition
In order to further investigate causes of latent heat flux biases, a decomposition is
investigated based on the bulk formula:
QLH = ρLECLU10(q
∗ − q) (2.2.16)
whereQLH is downward latent heat flux, q
∗ is the saturated surface specific humidity,
q is the near surface specific humidity, U10 is the wind speed at 10m above the
surface. Constants are ρ, the density of air, LE, the latent heat of evaporation and
CL, the turbulent moisture exchange coefficient. By using this formula latent heat
flux anomalies can be decomposed into a humidity anomaly component and a wind
anomaly component, and a comparatively small covariance term (e.g. Alexander
and Scott, 1997; Lloyd et al., 2010) such that:
〈QLHc1〉E = ρLECL
〈
U10∆q
〉
E
(2.2.17)
〈QLHc2〉E = ρLECL
〈
U10∆q
〉
E
(2.2.18)
where values with no overbar inside angled brackets are seasonal anomalies and
barred variables are the annual mean. 〈QLHc1〉E is the contribution of humidity dif-
ference anomalies to latent heat flux and 〈QLHc2〉E is the contribution of anomalous
wind speed.
2.2.5 Feedback coefficients: Humidity sensitivity
To calculate humidity components it is necessary to calculate the saturated surface
specific humidity from the given surface temperature field. Specific humidity is the
concentration by mass of water vapour and can be calculated as:
q =
e
(µd/µv)(p− e) + e (2.2.19)
where µd and µv are the effective molar masses of dry air and water such that
µd/µv = 1.61. p is pressure and e is the vapour pressure. In order to find saturated
specific humidity (q∗), the saturated vapour pressure, e∗, at sea surface temperature,
T , must be calculated. The Clausius-Clapeyron equation describes how saturated
vapour pressure changes with temperature as:
de∗
dT
=
LE
T (vv − vl) (2.2.20)
where vv and vl are the specific volumes of the vapour and liquid respectively. This
can be integrated to give saturated vapour pressure in terms of temperature and
states that saturated vapour pressure increases with temperature. There are a num-
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ber of empirical formulae for the calculation of saturated vapour pressure (Ambaum,
2010) but here the Goff-Gratch equation (Goff and Gratch, 1946; Goff, 1957, as rec-
ommended by the World Meteorological Association (1988)) is used which gives
saturated vapour pressure as:
log10 (e
∗) =− 7.90298 (Tst/T − 1) + 5.02808 log10 (Tst/T )
− 1.3816× 10−7 (1011.344(1−T/Tst) − 1)
+ 8.1328× 10−3 (10−3.49149(Tst/T−1) − 1)
+ log10 (e
∗
st) . (2.2.21)
With the calculation of saturated specific humidity at sea surface temperature
the strength of the humidity response to sea surface temperature anomalies can be
assessed using the following equations:
〈q∗〉E = αq∗ 〈T 〉E , (2.2.22)
〈q〉E = αq 〈T 〉E , (2.2.23)
〈∆q〉E = α∆q 〈T 〉E , (2.2.24)
where ∆q = q∗ − q. (2.2.25)
The strength of the response of east Pacific surface specific humidity (〈q∗〉E) to SST
anomalies (〈T 〉E) is given by αq∗. Similarly, αq is the strength of the response of
near surface specific humidity to SSTAs in the east Pacific. The difference between
these is α∆q, the change in near surface specific humidity difference in response to
SSTAs, which is a key component of the amount of evaporation in response to SSTAs
(equation 2.2.16).
2.2.6 Feedback coefficients: HadCM3 thermodynamic damping adjust-
ment.
In the course of this work it is found that heat flux damping is strongly related
to the strength of flux adjustment in HadCM3 ensemble members. In particular,
a negative relationship between thermodynamic damping and ENSO amplitude, in
contrast to previous studies (Lloyd et al., 2012), was thought may occur because of
the use of flux adjustment in the ensemble.
In order to investigate the strength of the impact of flux adjustment on results,
an additional term proportional to the mean of the flux adjustment is applied to heat
flux prior to thermodynamic damping calculation such that α is no longer strongly
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linked to flux adjustment. The corrected thermodynamic damping, α′, is given as:
〈Q′〉E = −α′ 〈T 〉E (2.2.26)
where 〈Q′〉E = −α 〈T 〉E + β FA 〈T 〉E (2.2.27)
and α′ = β FA− α (2.2.28)
Notably, climate change results remain unaffected by this adjustment as this is
an inter-ensemble adjustment which is constant in time. Many results are unaffected
by this method with the exception of latent heat flux dependence on precipitation, if
the flux adjustment term is added to the latent heat flux component (see section 5).
This may be a safe assumption to make given the bulk formula of latent heat flux
(see equation 2.2.16) which depends largely on modelled sea temperatures. Latent
heat flux, along with shortwave heat flux, is also a strong component of net heat
flux in the equatorial Pacific. Because of this, chapter 5 takes the addition to be
applied to latent heat flux as follows:
Q′LH = ρLECLU10(q − (γ FA + 1)q∗)− βBFA (2.2.29)
= ρLECLU10(q − q∗)− β FA T (2.2.30)
where T ≈ Aq∗ +B for constants A and B, resulting in:
〈Q′LH〉E = −α′LH 〈T 〉E (2.2.31)
and α′ = αSW + α′LH + αSH + αLW . (2.2.32)
γ = A
ρLECLU10
, and β is constant, taken as 0.1
While the use of this addition aims to isolate the impact of flux adjustment
on the analysis, results given by the addition of this component are by no means
robust. The simplicity of the addition cannot fully account for the use of flux
adjustment in the ensemble and an issue of cause and effect still remains. Without
examining an un-flux adjusted version of the ensemble, attributing a difference in
ENSO behaviour to the strength of flux adjustment, or vice versa, is not possible.
Because of this, results given from the original ensemble output (without addition
of the flux adjustment component) are also presented.
2.2.7 Significance of results
Error bars for area-averaged mean and standard deviation in the present day time
period (1986-2015) are estimated using a moving block bootstrap with windows of
10 months for mean and 36 months for standard deviation. Ensemble mean error is
given by 1 ensemble standard deviation. Error bars for feedbacks are based on the
95% confidence interval for the linear fits used in the calculation. Figures showing
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climate change trend lines are dashed or solid to demonstrate insignificant or signif-
icant trends respectively. A trend is classed as significant if the difference between
1986-2015 and 2065-2095 is larger than the standard deviation of the 1895-1985 time
period (referred to as ‘natural variability’). Contour figures show stippling based
on ensemble agreement for ensemble mean comparison with observations (stippling
for areas where over 70% of the ensemble is within the ensemble mean +/- 1 s.d.)
and the significance of the ensemble mean change for climate change response con-
tours (stippling for areas where the amplitude of the ensemble mean change from
1986-2015 to 2065-2095 is greater than natural variability).
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3 HadCM3: 20th Century results.
3.1 Introduction.
This chapter evaluates the equatorial Pacific mean climate, inter-annual climate
variability and ENSO for the 1986-2015 time period of the HadCM3 perturbed
physics ensemble. HadCM3 ensemble climate is then compared to reanalysis data
in order to quantify biases in the model. Here, two questions are aimed to be
answered:
• What is the “realism” of the mean climate and ENSO in the HadCM3
ensemble?
• What causes variations in ENSO in different ensemble members?
The first of the research questions is important as time-mean climate provides
the background on which interannual variability, such as ENSO, occurs. Therefore,
it is critical that these conditions are represented well in climate models, something
which has been an ongoing problem for CGCMs (Guilyardi et al., 2009b; Bellenger
et al., 2013; Lin, 2007) and which has been found to influence ENSO behaviour.
For example, Guilyardi (2006) finds that models with strong equatorial zonal wind
stress and strong annual cycles also have a weak ENSO. It is suggested by Philip and
van Oldenborgh (2006) and Lin (2007) that ENSO feedbacks can also be affected
by errors in mean climate. In answer to the first of the research question the Pacific
ocean, which includes both the mean state of the climate and climate variability, is
investigated in section 3.2.
ENSO related variability is often found to be diverse in models (van Oldenborgh
et al., 2005; AchutaRao and Sperber, 2006; Guilyardi, 2006). Model errors in this
can signify biases in ocean-atmosphere feedbacks. Section 3.2.2 assesses the strength
of Pacific ocean variability in the HadCM3 ensemble compared to ocean reanalysis
data as well as any spatial biases. ENSO in the HadCM3 ensemble for 1986-2015 is
also assessed in section 3.2.3 using various ENSO metrics. The Bjerknes’ stability
index is used in section 3.3 to evaluate ENSO growth rate and ENSO feedbacks in
the HadCM3 ensemble for the time period of 1986 to 2015. Kim and Jin (2011b) and
Kim et al. (2013) find that ENSO stability in CGCMs can be diverse and stability
has been found in various studies to be impacted by biases in the model mean
climate.
The second of the research questions focusses on possible causes of ENSO biases,
which may be linked to mean state biases. The discovery of possible causes of
ENSO feedback biases is important to allow for improvement of ENSO simulation
in future models. Federov and Philander (2001) suggest that mean thermocline
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depth, mean zonal winds and the temperature difference across the thermocline are
important to ENSO stability. Kim et al. (2013) also find links between various
ENSO feedbacks and the mean climate in models. Possible relationships between
inter-ensemble differences of ENSO stability and mean climate state are examined
because of this. In answer to the second research question, the results are used to
provide explanation of the variations in ENSO strength between ensemble members.
3.2 Pacific ocean climate mean state & variability.
3.2.1 Mean equatorial Pacific ocean.
In order to evaluate any errors in the mean climate of the HadCM3 ensemble this
section examines the mean state of the Equatorial Pacific climate in the HadCM3
ensemble for the time period 1986-2015 in comparison with the mean climate of
the HadISST, SODA 2.0.2 and OAFlux datasets described in section 2.1. Sea tem-
peratures, zonal wind stress, zonal, meridional and upwelling ocean currents and
atmosphere-ocean heat flux in the equatorial Pacific are evaluated.
Figure 3.2.1 shows contour plots of mean sea surface temperatures (SST) and
mean depth of the 20 ◦C isotherm (z20) over the equatorial Pacific for the HadISST
dataset, the HadCM3 ensemble mean (1986-2015) and the difference between them.
The bottom contour in figure 3.2.1 a) displays the mean SST bias shown by the
HadCM3 ensemble mean compared to the HadISST mean SST. The HadCM3 en-
semble mean SST is too cool along the equator in the central and west Pacific. This
bias is shown by over 70% of ensemble members, indicated by the stippling shown
on figure 3.2.1. The overextension of the cold tongue shown here is a well known
CGCM bias found in many of the CMIP3 models (Reichler and Kim, 2008; Lin,
2007; Bellenger et al., 2013).
In order to further investigate the consistency of biases across the HadCM3 en-
semble, figure 3.2.3 shows mean sea surface temperature (SST), heat flux (Q), depth
of the 20 ◦C isotherm (z20), zonal wind stress (τ), zonal surface ocean current (u)
and upwelling current (w) area-averaged over the Nin˜o 3 & 4 areas for all members
of the HadCM3 ensemble for 1986-2015.
Area-averaged SSTs show that thirty ensemble members have SSTs cooler than
the mean Nin˜o 3 SST in HadISST, however only eighteen of these are significantly
cooler (see table A.20). Perturbation type does not significantly impact the strength
of SST bias shown. However, inter-ensemble diversity of Nin˜o 3 mean SST is larger
for atmosphere perturbations with an ensemble standard deviation of 0.39 ◦C for
atmosphere members compared to 0.23 ◦C for ocean members. While ensemble
means are below the HadISST mean SST, for the full ensemble in Nin˜o 3 and the
atmosphere members in Nin˜o 4, the biases shown are not significant. The accuracy
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Figure 3.2.1: a): Mean SST over the equatorial Pacific. b): Mean depth of the 20 ◦C
isotherm (right) over the equatorial Pacific. For each, there are the reanalysis data
used (HadISST for SST and SODA for z20) on the top plot, the HadCM3 ensemble
mean for 1986-2015 (middle) and the difference between the two (bottom). Red and
yellow areas show positive values and blue areas show negative values. Nin˜o 3 and
Nin˜o 4 areas are outlined using black boxes, Nin˜o 3.4 is outlined with a dashed black
box.
shown here by the ensemble to model the equatorial SST in comparison to CMIP3
and CMIP5 models (Guilyardi, 2006; Bellenger et al., 2013) is a result of the flux
adjustment used which aims to minimize SST error.
While flux adjustment is used to minimize SST error the modelled SST is still not
perfect. This is due to the way heat flux adjustment is calculated (Haney method),
which is dependent on boundary conditions used to spin up the model. The Haney
method restores surface heat fluxes using the following equation:
H(T0) = k(Tcl − T0) (3.2.1)
where H is heat flux, Tcl is the prescribed climatological temperature and T0 is
the ocean surface temperature. As such temperature cannot perfectly match the
prescribed temperature as this results in a heat flux of zero and heat flux of non-
zero results in a difference between the modelled and climatological temperature.
Also note that biases will still exist in other elements of the climate due to model
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Figure 3.2.2: a): Temperature in the upper ocean in the equatorial Pacific for the
SODA 2.0.2 dataset. Temperatures are averaged over latitude -5◦ to 5◦. b): The
same as a) but for the HadCM3 ensemble mean for 1986-2015.
error, even with a flux adjusted SST, particularly at the equator where climate is
more sensitive than other areas.
Figure 3.2.1 b) shows the depth of the 20◦C isotherm. This provides information
about the thermocline in the ensemble. While surface temperatures are cooler for a
number of ensemble members the contour in figure 3.2.1 for the depth of the 20◦C
isotherm (z20) shows that the isotherm tends to be too deep in the HadCM3 en-
semble mean compared to the SODA reanalysis, particularly in the east equatorial
Pacific. Once again, over 70% of ensemble members are within ±1 s.d. of the ensem-
ble mean in the bias area suggesting a consistent spatial bias across the ensemble.
Similarly, figure 3.2.3 f) shows that area-averaged z20 in Nin˜o 3 and Nin˜o 4 areas are
consistently higher than SODA with all ensemble members (and ensemble means ±
1 s.d.) lying outside the z20 range of 85± 3m for Nin˜o 3.
Mean heat flux in the ensemble also shows biases consistent with cool temper-
atures along the equator. Atmosphere-ocean heat flux is weak when compared to
OAFlux results (mean ensemble contour not shown), and both atmosphere and
ocean ensemble members show weak mean heat flux. In Nin˜o 3, heat flux ensemble
means are 95 ± 13Wm−2 and 87 ± 2 Wm−2 for atmosphere and ocean ensemble
members respectively, compared to the SODA Nin˜o 3 heat flux of 116 ± 3 Wm−2.
Heat flux in the Nin˜o 4 area also shows significant, consistent biases with ensemble
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means of 56± 9 Wm−2 and 52± 5 Wm−2 for atmosphere and ocean ensemble mem-
bers compared to 74± 3 Wm−2 for the SODA reanalysis. Atmosphere perturbation
ensemble members also show more diversity in heat flux strength compared to ocean
perturbations as shown by the difference in the ensemble standard deviations (99%
significance using F-test).
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Figure 3.2.3: Mean values of climate averaged over the Nin˜o 3 and Nin˜o 4 areas.
Each point represents a single ensemble members result. Mean states calculated are
for sea surface temperature (SST, a)), wind stress (τ , b)), westward ocean current
(u, c)), upwelling ocean current (w, d)), heat flux (Q, e)) and depth of the 20 ◦C
isotherm (z20, f)) for the time period 1986-2015. Values found for the reanalysis
data detailed in section 2 are shown by the thick horizontal black lines with +/- 1
moving block bootstrap error range shown by grey shading. Ensemble means are
given by diamonds with +/- 1 s.d. error bars. Minimum and maximum errors for
ensemble members are given at the top of figures.
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Biases for zonal surface wind stress and ocean currents also exist, shown in
figure 3.2.3. Area-averaged zonal surface wind stress is shown in figure 3.2.3 b).
In the east Pacific only eighteen ensemble members show significant biases and the
ensemble means of −0.040 ± 0.002 Pa and −0.041 ± 0.002 Pa for atmosphere and
ocean ensemble members respectively are not significantly stronger than the ERA40
mean Nin˜o 3 wind stress of −0.039 ± 0.001 Pa. Zonal wind stresses in Nin˜o 4 are
more diverse (ensemble standard deviations are 0.003 Pa for both halves of the
ensemble) but also show no consistent bias throughout the ensemble. Atmosphere
perturbations also favour a stronger wind stress in Nin˜o 4 than ensemble members
with ocean perturbations.
Wind stress biases outlined above also impact westward surface ocean currents.
Surface zonal ocean current biases are the largest of all the mean state biases inves-
tigated here. In the Nin˜o 3’ area (defined as the same longitude extents as Nin˜o 3
but with latitude bounds of 2.5◦S to 2.5◦N) zonal ocean current ensemble means are
−0.61 ± 0.02 ms−1 and −0.61 ± 0.04 ms−1 for atmosphere and ocean perturbation
ensemble members respectively. This is in comparison to ocean currents in SODA
2.0.2 of −0.34 ± 0.03 ms−1. Furthermore all individual ensemble members have
mean zonal ocean currents significantly weaker than the reanalysis in both the Nin˜o
3’ and Nin˜o 4’ areas. Zonal ocean currents in Nin˜o 4’ tend to be more diverse in
strength throughout the ensemble. Ensemble members with atmosphere perturba-
tions also tend to show a stronger zonal ocean current in the equatorial west Pacific
than those with ocean perturbations (−0.66± 0.05 ms−1 compared to −0.56± 0.05
ms−1). These biases in easterly wind stress and surface ocean current lead to cool
SSTs in the east being transported further west, resulting in the over-extension of
the cold tongue, seen in figure 3.2.1.
Area-averaged upwelling ocean currents are shown in figure 3.2.3. While there is
no significant bias in the Nin˜o 4’ area, ensemble members show significantly stronger
upwelling in the Nin˜o 3’ region with ensemble means of 1.29 ± 0.06 × 10−5 ms−1
and 1.28 ± 0.06 × 10−5 ms−1 compared to the upwelling speed in SODA 2.0.2 of
0.92 ± 0.02 × 10−5 ms−1. This shows the ensemble has more cool water upwelling
from the deep ocean than in the reanalysis.
The strength of the mean annual SST cycle in the Nin˜o 3 region is also im-
portant to El Nin˜o behaviour, particularly the amplitude of events. A number of
studies suggest that there is an inverse relationship between ENSO amplitude and
the strength of the mean annual SST cycle (Guilyardi, 2006; Timmermann et al.,
2007). Guilyardi (2006) suggest El Nin˜o is a disruption to the annual cycle and for
a strong annual cycle there is little energy left for interannual signals such as ENSO.
Much of the HadCM3 ensemble, twenty three ensemble members, have stronger an-
nual cycles than the HadISST dataset, shown in figure 3.2.4. This may result in a
weak ENSO in the ensemble. This is investigated further in a later section.
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Figure 3.2.4: Standard deviation of the mean annual cycle of SST averaged over the
Nin˜o 3 area used to represent the strength of the annual cycle. Each point represents
a single ensemble member’s result. HadISST result is shown by the thick horizontal
black line. Ensemble means are given by diamonds with +/- 1 s.d. error bars.
Though there are biases in the ensemble, particularly for zonal surface ocean
currents, which results in a larger water transport across the equatorial Pacific,
generally the reanalysis mean state is captured well.
3.2.2 Equatorial Pacific ocean variability.
Figure 3.2.5 shows anomaly standard deviation for sea surface temperatures and
the depth of the 20◦C isotherm (z20), in order to assess the strength of inter-annual
climate anomalies. Figure 3.2.5 a) shows the HadISST SST variability distribution
on the top plot. Larger SST anomalies are concentrated in the east equatorial Pa-
cific and, to a slightly lesser extent, the central Pacific. However, by examining the
contour plot of the HadCM3 ensemble mean and the difference from the HadISST
plot it can be seen that larger values of SST variability are located further west
compared with the HadISST result. This suggests that ENSO sea surface temper-
ature anomalies, which typically occur in the east Pacific, are located further west
in the HadCM3 ensemble. This is most likely caused by the initial mean climate
spatial biases discussed previously. There are small areas of high levels of ensemble
agreement in the east and west equatorial Pacific (shown by stippling on the figure)
the central equatorial Pacific shows lower levels of ensemble agreement suggesting a
diversity in the spatial pattern of SSTAs throughout the ensemble.
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Figure 3.2.5: a): Standard deviation of SST seasonal anomalies over the equatorial
Pacific. b): Standard deviation of the depth of the 20 ◦C isotherm seasonal anoma-
lies over the equatorial Pacific. For each there are contours of the reanalysis data
used (HadISST for SST and SODA for z20) on the top plot, the HadCM3 ensemble
mean for 1986-2015 (middle) and the difference between the two (bottom). Red and
yellow areas show positive values and blue areas show negative values. Nin˜o 3 and
Nin˜o 4 areas are outlined using black boxes, Nin˜o 3.4 is outlined with a dashed box.
Stippling shows where 70% of ensemble members are within the ensemble mean +/-
1 s.d.
Figure 3.2.5 b) shows the contour plots for z20 seasonal anomaly standard de-
viation. The SODA 2.0.2 reanalysis shows the peak of z20 variability occurring in
the Nin˜o 3 region. This represents the flattening of the thermocline that occurs
during El Nin˜o events, caused by weakened trade winds and ocean currents. The
ensemble shows less isotherm variability in the far west Pacific compared with the
SODA reanalysis with high levels of ensemble agreement over this area. Figure 3.2.7
d) confirms a number of ensemble members have significantly weak z20 anomalies
across the Pacific. Ensemble members with atmosphere perturbations are particu-
larly weak with ensemble averages of 9.47 ± 2.3 m and 6.55 ± 2.2 m in Nin˜o 3 and
Nin˜o 4 respectively in comparison to SODA z20 standard deviation of 14.5± 1.7 m
and 12.1± 1.6 m.
Sea surface temperature anomaly standard deviation for SODA 2.0.2 data, dis-
played in figure 3.2.6 a) shows a larger value in the east Pacific with a standard
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Figure 3.2.6: Standard deviation of climate anomalies averaged over the Nin˜o 3 and
Nin˜o 4 areas. Each point represents a single ensemble members result. Results
are for sea surface temperature (SST), heat flux (Q), depth of the 20 ◦C isotherm
(z20), wind stress (τ), westward ocean current (u), meridional ocean current (v) and
upwelling ocean current (w) for the time period 1986-2015. Values found for the
reanalysis data detailed in section 2 are shown by the thick horizontal black lines
with +/- 1 moving block bootstrap error range shown by grey shading. Ensemble
means are given by diamonds with +/- 1 s.d. error bars. Minimum and maximum
errors for ensemble members are given at the top of figures.
deviation of 0.94 ± 0.18◦C, compared to 0.67 ± 0.09◦C in the Nin˜o 4 area. This
reflects the characteristic warming in the Nin˜o 3 area that occurs during El Nin˜o
events. SSTA s.d. is diversely represented by the HadCM3 ensemble, with ensem-
ble means of 0.74 ± 0.2◦C and 1.05 ± 0.21◦C for atmosphere and ocean ensembles
respectively in Nin˜o 3. However, there is only a significant bias shown by the ocean
perturbation members which favour stronger SST variability in the west Pacific Nin˜o
4 region than HadISST.
Ensemble mean zonal surface wind stress variability contour plots (figure 3.2.8 a))
suggest there are weak trade wind anomalies in the ensemble, particularly in the Nin˜o
4 area, with higher levels of ensemble agreement to the west of 170◦E, which is the
area in which trade winds weaken most during El Nin˜o events. Standard deviation
of area-averaged zonal surface wind stress anomalies, displayed in figure 3.2.6 b),
shows no consistent bias in Nin˜o 3. However, in Nin˜o 4, ensemble members tend to
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Figure 3.2.7: Standard deviation of climate anomalies averaged over the Nin˜o 3
(shown in purple) and Nin˜o 4 (shown in green) areas. Each point represents a single
ensemble members result. Results are for sea surface temperature (SST), heat flux
(Q), depth of the 20 ◦C isotherm (z20), wind stress (τ), westward ocean current (u),
meridional ocean current (v) and upwelling ocean current (w) for the time period
1986-2015. Values found for the reanalysis data detailed in section 2 are shown
by the thick horizontal black lines with +/- 1 moving block bootstrap error range
shown by grey shading. Ensemble means are given by diamonds with +/- 1 s.d.
error bars. Minimum and maximum errors for ensemble members are given at the
top of figures.
show less wind stress variability than ERA40, particularly atmosphere perturbation
90
ensemble members which show a mean of 0.0042±0.0011 ms−1 compared to the s.d.
of Nin˜o 4 τ anomalies in ERA40 of 0.016± 0.0014 ms−1.
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Figure 3.2.8: a): Standard deviation of zonal surface wind stress seasonal anomalies
over the equatorial Pacific. b): Standard deviation of zonal surface ocean current
seasonal anomalies over the equatorial Pacific. For each there are contours of the
reanalysis data used on the top plot, the HadCM3 ensemble mean for 1986-2015
(middle) and the difference between the two (bottom). Red and yellow areas show
positive values and blue areas show negative values. Nin˜o 3 and Nin˜o 4 areas are
outlined using black boxes, Nin˜o 3.4 is outlined with a dashed box. Stippling shows
where at least 70% of ensemble members are within ensemble mean +/- 1 s.d.
There is also a difference in the strength of zonal current anomalies in the en-
semble when compared to those in the ocean reanalysis. Zonal surface ocean current
variability ensemble mean spatial pattern is shown in figure 3.2.8 b). The difference
figure shows weak surface zonal ocean current anomalies in the east, with higher
levels of ensemble agreement in this area. Figure 3.2.6 confirms this is the case
in the area-average over Nin˜o 3 with both atmosphere and ocean ensemble means
(0.082± 0.016 ms−1 and 0.109± 0.027 ms−1 respectively) being significantly weaker
than 0.19±0.01 ms−1 in SODA. This shows a comparatively strong westward water
transport during El Nin˜o events.
Figure 3.2.9 shows filled contour plots of heat flux seasonal anomaly standard
deviation in the equatorial Pacific for the OAFlux data, the HadCM3 ensemble mean
and the difference between them. The contour of the OAFlux data shows heat flux
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Figure 3.2.9: Standard deviation of the heat flux anomalies over the equatorial
Pacific. OAFlux data is shown on the top plot, the HadCM3 ensemble mean for
1986-2015 is shown in the middle and the difference between the two is shown on the
bottom. Red and yellow areas show positive values and blue areas show negative
values. Nin˜o 3 and Nin˜o 4 areas are outlined using black boxes, Nin˜o 3.4 is outlined
with a red box. Stippling shows where 70% of ensemble members are within the
ensemble mean +/- 1 s.d.
variability across the equatorial Pacific with slightly stronger values in the west.
The HadCM3 ensemble mean, shown in the middle plot, shows heat flux variability
focused mainly in the west equatorial Pacific. The difference contour plot, shown
on the bottom, shows weak heat flux variability in the east equatorial Pacific, with
higher levels of model agreement, suggesting that the majority of the ensemble have
weak heat flux anomalies during El Nin˜o events, resulting in weakly damped SSTAs.
Figure 3.2.7 shows that heat flux anomalies tend to be weak for atmosphere
perturbation ensemble members in the Nin˜o 3 area with an ensemble mean of heat
flux anomaly s.d. of 7.62± 2.17 Wm−2 compared to the OAFlux value of 18.6± 3.5
Wm−2. Ocean perturbation ensemble members show more diversity in the strength
of the Nin˜o 3 heat flux anomalies (standard deviation of 5.05 Wm−2, 99% significant
using F-test) but show no significant bias comparing the ensemble mean to OAFlux.
Figure 3.2.10 shows contour plots for the shortwave and latent heat flux anomaly
standard deviations. The OAFlux data set shows larger shortwave flux anomalies
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Figure 3.2.10: a): Standard deviation of shortwave radiation heat flux seasonal
anomalies over the equatorial Pacific. b): Standard deviation of latent heat flux
seasonal anomalies over the equatorial Pacific. For each there are contours of the
reanalysis data used (OAFlux) on the top plot, the HadCM3 ensemble mean for
1986-2015 (middle) and the difference between the two (bottom). Red and yellow
areas show positive values and blue areas show negative values. Nin˜o 3 and Nin˜o 4
areas are outlined using black boxes, Nin˜o 3.4 is outlined with a red box. Stippling
shows where at least 70% of ensemble members are within the ensemble mean +/-
1 s.d.
focused in the west Pacific and latent heat flux anomalies focused in the east Pacific;
combined these form the net heat flux anomaly spatial pattern shown in figure 3.2.9.
The HadCM3 ensemble mean shows weak shortwave variability across the equatorial
Pacific and weak latent heat flux variability in the east equatorial Pacific. Levels of
ensemble agreement are not high for much of the equatorial Pacific for shortwave heat
flux anomalies suggesting a diversity in shortwave spatial pattern. However latent
heat flux anomalies show higher levels of ensemble agreement along the equator.
The biases lead to the weak total heat flux variability in the east equatorial Pacific
shown in figure 3.2.9 and show errors in the thermodynamic damping process of
ENSO which is discussed in a later section.
ENSO related climate anomaly strength is diverse over the ensemble. In fact,
for some climate anomalies there is little agreement on bias, with some ensemble
members showing weak anomalies and others showing strong anomalies. However,
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east Pacific zonal surface ocean current anomalies are consistently weak over the
ensemble. In order to investigate ENSO behaviour further, ENSO amplitude and
its phase-locking tendency are assessed in the following section.
3.2.3 ENSO.
Previous sections examined SST anomalies for the HadCM3 ensemble in the Nin˜o
3 and 4 areas. Here the standard deviation of SST anomalies in the Nin˜o 3.4 area
is calculated as a measure of ENSO amplitude, shown in figure 3.2.11. Results are
similar to those of Nin˜o 3 (figure 3.2.6). The ensemble’s ENSO amplitude varies
around the value given for the HadISST data of 0.93± 0.11◦C and shows diversity
throughout the ensemble, though no consistent biases. Ocean ensemble members
have an ensemble mean of 1.11±0.21◦C and tend to have a stronger ENSO amplitude
than atmosphere ensemble members which have a mean of 0.80± 0.22◦C.
As mentioned in the previous section, it has been suggested that the mean SST
annual cycle may have an impact on ENSO amplitude such that a strong annual
cycle leads to a weak ENSO due to more energy being used in the annual cycle
(Guilyardi, 2006; Timmermann et al., 2007) but this is not found to be the case
here. When correlating ENSO amplitude and a measure of the strength of the
annual cycle (AC s.d. given in figure 3.2.4) a weak positive correlation is found
(0.22).
Figure 3.2.11 also shows results given by a measure of seasonal phase locking
described in section 2.2. Phase locking is a prominent feature of ENSO and refers
to the tendency for El Nin˜o events to peak in boreal winter. Guilyardi (2006) and
Bellenger et al. (2013) find that this characteristic is often not represented well in
CGCMs and can lead to inaccuracies in the modelled ENSO. The HadCM3 ensemble
has weak seasonal phase locking for many of its members (twenty six SPL values are
below the HadISST value), with some even having a negative value. This suggests
that ENSO in some ensemble members is phase locked to different months of the
annual cycle.
The HadCM3 ensemble simulation of ENSO is found to diverse. This may be
caused by biases in various ENSO feedbacks. This is further investigated in the
following section where the Bjerknes’ stability index is used to assess ENSO stability
and ENSO-related feedbacks. Biases in these feedbacks are also linked to biases
found in the mean climate here.
3.3 Bjerknes’ Stability Index.
The Bjerknes’ stability index (BJ index) is calculated as described in section 2.2.2
for the time period 1984-2000 for the reanalysis and for 1986-2015 for HadCM3 data
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Figure 3.2.11: ENSO amplitude (standard deviation of Nin˜o 3.4 SSTA, left) and
measure of seasonal phase locking (right). Each point represents a single ensemble
member’s result. HadISST result is shown by the thick horizontal black line with
+/- 1 moving block bootstrap error range shown by grey shading. Ensemble means
are given by diamonds with +/- 1 s.d. error bars. Minimum and maximum errors
for ensemble members are given at the top of figures.
in order to investigate any biases in stability of the modelled ENSO. The Bjerknes’
stability index consists of six components which are summed together to give the
total stability (see section 2.2.2 for further explanation). These components can
be analysed in further detail in order to understand the final stability result more
thoroughly.
The BJ index and its components has been calculated using SODA and OAFlux
data and are shown in figure 3.3.1. The oscillation given by the reanalyses is weakly
unstable, having a small positive BJ index of 0.48 ± 0.36 yr−1. By examining the
individual BJ index components the dominant ENSO feedbacks that gave this re-
sult can be found. First, considering the positive feedbacks, the influence of the
thermocline is the largest at 2.08± 0.27 yr−1, and the two ocean current feedbacks
are somewhat weaker. The two ocean current anomaly feedbacks are the zonal ad-
vective and Ekman feedbacks. The zonal advective feedback is the second largest
positive feedback with a strength of 1.38± 0.20 yr−1. The Ekman feedback is weak
when compared to some of the other components and has a strength of 0.64± 0.11
yr−1.Thermodynamic damping is by far the strongest stability component in mag-
nitude, with a value of −2.58 ± 0.15yr−1, suggesting the relationship between heat
flux and sea surface temperature is the most important feedback process in ENSO
development. Mean current damping is the smallest feedback with a value of only
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Figure 3.3.1: BJ index (left bar) and its components (mean current damping (CD),
thermodynamic damping (TD), zonal advective (ZA), thermocline (TC) and Ekman
(EK) feedbacks left to right respectively), for SODA 2.0.2 and OAFlux data over
1984-2000. Blue bars show a negative (damping) effect on total stability and red
bars show positive effects on stability. Error bars are given showing 95% confidence
intervals for the linear fit calculations.
−0.55 yr−1.
ENSO stability is calculated for all HadCM3 ensemble members for the time pe-
riod 1986-2015. Kim and Jin (2011b) and Kim et al. (2013) find that the two largest
positive feedbacks, the thermocline feedback and zonal advective feedback, are often
weak in CGCMs. This is the case for the majority of HadCM3 ensemble members.
The strongest positive component is the thermocline feedback which shows consis-
tently high values in comparison with the other components; the ensemble means
are 1.40 ± 0.20 yr−1 and 1.73 ± 0.21 yr−1 for atmosphere and ocean perturbation
ensemble members respectively. Despite the strong values in comparison to other
components the thermocline feedback is still weak for many members of the ensem-
ble compared to the reanalysis. Atmosphere perturbation ensemble members, which
were found to tend towards low inter-annual variability in the previous section, show
the weakest values of the thermocline feedback with an ensemble mean significantly
weaker than the feedback in the reanalysis.
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Figure 3.3.2: BJ index and its components calculated for all ensemble members
for 1986-2015. Each dot shows the value for a single ensemble member. Black
dots show the ensemble member that uses standard parameters, blue dots are en-
semble members that feature perturbations to the ocean parameters and red dots
feature atmosphere parameter perturbations. Reanalysis values are shown by the
black horizontal dashed lines with 95% linear fit confidence interval range shown by
grey shading. Ensemble means are given by diamonds with +/- 1 s.d. error bars.
Minimum and maximum errors for ensemble members are given at the top of figure.
The zonal advective feedback is also slightly weaker in the ensemble with both
atmosphere and ocean ensemble member means (0.76 ± 0.14 yr−1 and 1.01 ± 0.17
yr−1 respectively) being significantly weaker than the reanalysis. For reanalysis data
the zonal advective feedback is around double the strength of the Ekman feedback
but that is not the case for the HadCM3 ensemble. Zonal advective and Ekman
feedbacks have similar magnitudes due to the weak zonal advective feedback and a
strong Ekman feedback for many of the ocean perturbation ensemble members (See
table A.24). The weak zonal advective feedback may be caused by weak zonal ocean
current anomalies, found to be a bias of the ensemble in section 3.2. Zonal ocean
current anomalies in the east Pacific are pivotal to the zonal advective feedback and
are used in the calculation of βu (the sensitivity of zonal currents to wind stress
shown in figure 2.2.6), a key component of the zonal advective feedback. This will
be investigated further in a later section.
The dominating negative feedback, thermodynamic damping, is also weak com-
pared to the reanalysis value and shows the largest bias of all the feedbacks. All
ensemble members have a damping significantly weaker than the reanalysis with en-
97
semble means of −1.04± 0.39 yr−1 for atmosphere perturbation ensemble members
and −1.37 ± 0.32 yr−1 for ocean perturbation ensemble members. Weak thermo-
dynamic damping is known to be a bias in both CMIP3 and CMIP5 models and
is often caused by biases in the shortwave component of heat flux in the equatorial
Pacific (Kim et al., 2013; Lloyd et al., 2009, 2012).
Despite many of the feedbacks showing biases in agreement with previous studies
(Kim et al., 2013; Kim and Jin, 2011b; Lloyd et al., 2009), these biases counteract
each other to a certain degree resulting in no significant bias in the total BJ index.
The impact of perturbations on feedbacks is clear with almost all feedbacks, ex-
cluding thermodynamic damping, showing a tendency to be weaker for atmosphere
perturbations.
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Figure 3.3.3: Correlations across the ensemble between BJ index components (Total
BJ index, BJ, mean current damping, CD, thermodynamic damping, TD, zonal
advective feedback, ZA, Ekman feedback, EK, and thermocline feedback, TC) and
time-means of the climate (sea surface temperature, T, depth of the 20 ◦C isotherm,
z20, surface zonal wind stress, τ , zonal surface ocean current, u, and upwelling
current, w). Subscripts of 3 and 4 denote area-averaging over either the Nin˜o 3
and Nin˜o 4 areas respectively. Results are calculated for the HadCM3 ensemble
during the 1986-2015 time period. Each square represents a correlation between the
ensemble results of the climate mean given on the x-axis and the result of the BJ
index components given on the y-axis. Blue shows a strong negative correlation, red
shows a strong positive correlation. 95% significant correlations are printed in the
square.
Figure 3.3.3 shows inter-ensemble relationships between BJ index components
and time-means of the climate averaged over Nin˜o 3 and Nin˜o 4 areas (x-axis). The
mean states used are sea surface temperature (T), the depth of the 20 ◦C isotherm
(z20), zonal wind stress (τ), zonal ocean current (u) and upwelling current (w).
Each square represents the correlation between the mean climate component given
on the x-axis with the BJ index component given on the y-axis for 1986-2015 of the
HadCM3 ensemble. Red squares show positive correlations and blue squares show
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negative correlations. Any correlations which are significant at the 95% level are
printed in the relevant squares.
The total Bjerknes’ stability index (BJ) shows significant relationships with Nin˜o
3 mean zonal surface wind stress (τ3), and zonal surface ocean current in both Nin˜o
3’ and Nin˜o 4’ areas (u3′ , u4′). The relationship with Nin˜o 3 mean zonal surface
wind stress (τ¯3) has the strongest correlation of -0.56. This is largely caused by a
correlation of -0.47 between Nin˜o 3 mean wind stress and the thermocline feedback,
the dominant positive feedback of the BJ index. Mean surface zonal ocean currents
also have a relationship with the thermocline feedback with correlations of -0.42 and
0.51 for Nin˜o 3’ & 4’ area averaged currents respectively. The thermocline feedback
is calculated using the mean upwelling current in the east Pacific, reflected in the
relationship between mean Nin˜o 3 zonal ocean current and thermocline feedback.
This is likely because of the strong relationship which exists between upwelling
and zonal currents in the equatorial Pacific such that weaker zonal ocean current
corresponds to weaker upwelling current.
There is also a relationship between Nin˜o 4’ mean zonal current and zonal ad-
vective feedback where a correlation of 0.7 is found. Zonal advective feedback is also
influenced by mean zonal wind stress in the Nin˜o 4 area. Nin˜o 4 mean zonal wind
stress shows a correlation of 0.56 with the zonal advective feedback, significant at
the 95% level.
Zonal advective feedback also shows a relationship with the mean depth of the
20 ◦C isotherm (z20), taken here as a representation of thermocline depth, in the Nin˜o
4 area where a correlation of -0.39 is found. There also exists a stronger correlation
of -0.65 between the west-east difference of z20 and zonal advective feedback.
The remaining positive feedback, the Ekman feedback, also shows relationships
with the climate mean state. Relationships exist between the Ekman feedback and
mean Nin˜o 3 & 4 thermocline depth and the Nin˜o 4’ zonal surface ocean current
with correlations of -0.48, -0.44 and 0.61 respectively. Mean ocean currents are
closely related to thermocline depth such that stronger ocean currents tend to cause
a shoaling thermocline which explains this result. As the Ekman feedback is the
smallest of the positive feedbacks further analysis into its diversity in this ensemble
will not be carried out here.
There is also a link between thermodynamic damping and and sea temperatures
with correlations of -0.66 and -0.52 (for Nin˜o 3 & 4 SST’s respectively), such that
ensemble members with warmer waters tend to have strong thermodynamic damp-
ing. This relationship is consistent with Philip and van Oldenborgh (2006) who
find stronger thermodynamic damping in a number of CGCMs under global warm-
ing which they attribute to increased convection in the central Pacific caused by
higher temperatures. Thermodynamic damping will be investigated more fully in
99
the following section.
3.3.1 Comparison with previous studies.
Here the total BJ index for the standard HadCM3 model is found to be 0.65± 0.26
yr−1 in comparison with a previous study by Kim et al. (2013) who find a HadCM3
BJ index of approximately 0.4 yr-1 (approximated from the figures as the exact value
is not stated in the text). Other models used by Kim et al. (2013) show BJ indices
ranging from approximately −1.5 yr−1 to 0.5 yr−1 in CMIP3 (narrowed to −1 yr−1
to 0.5 yr−1 in CMIP5) compared to the reanalysis result they find of approximately
−0.2 yr−1. The largest differences in results lie in mean current damping and positive
feedbacks. Discrepancies could be caused by a difference in method or by the data
used.
Firstly, consider the dominant positive feedbacks; zonal advective feedback and
thermocline feedback. Kim et al. (2013) show that CMIP3 & CMIP5 ensemble
means of the zonal advective feedback lie below the ensemble means of the Ek-
man feedback, significantly below the reanalysis zonal advective feedback. While
the ZA feedback in the HadCM3 ensemble is also weaker than the reanalysis for
some ensemble members, PPE results show an improvement on the bias found in
the MMEs. Similarly, the CMIP3 ensemble mean of the thermocline feedback is
approximately half of the reanalysis feedback, with the CMIP5 ensemble showing a
slight improvement on this. Again, the PPE used here shows an improvement on
this result. These improvements are likely a result of the flux adjusted mean state
in the PPE which allows an ENSO closer to observed when compared with other
(non flux adjusted) models used in the analysis by Kim et al. (2013).
Besides the use of flux adjustments here, there are a number of differences in
the methods of these two studies that result in slight differences in the feedback
strengths found (and explain some of the difference in the reanalysis result). The
largest of these differences is in the damping components. This analysis finds a
mean current damping for the standard parameter HadCM3 model of −0.73 yr−1
and a thermodynamic damping of −1.41 ± 0.12 yr−1. This is in contrast to Kim
et al. (2013) who find damping rates of around −0.9 yr−1 and −0.2 yr−1 respectively.
This study mainly follows the original BJ index formula given in Jin et al. (2006)
and is consistent with Graham et al. (2014), however Kim et al. (2013) follows the
formula in Kim and Jin (2011a,b) which may give a different result.
The main difference in the formula used here and the one in Kim et al. (2013)
is in the calculation of the mean current damping which includes regression of the
SSTAs at the longitudinal and latitudinal boundaries of the averaging box against
the full box averaged SSTA as well as consideration of the boundary ocean current
rather than the full box averaged ocean current. The influence of mean upwelling is
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also not included in the alternative mean current damping calculation. Other differ-
ences include the data choice (As discussed above Kim et al. (2013) use the non-flux
adjusted historical runs) and the calculation of anomalies (Kim et al. (2013) uses
a 7 year smoothing as opposed to seasonal anomalies used here). Finally, perhaps
most relevant to heat fluxes, Kim et al. (2013) find the separating boundary be-
tween east and west Pacific averaging areas by using a method based on SST EOFs,
whereas here the boundary is taken to be fixed at a longitude of 180◦. Therefore,
the feedbacks will be calculated over slightly different areas in the equatorial Pacific.
With regards to relationships between the equatorial Pacific mean state and
ENSO feedbacks, results found here are similar to those found by Kim et al. (2013).
They suggest models with weaker trade winds tend to show a stronger sensitivity of
zonal currents and thermocline slope to wind stress anomalies, the key components
of the zonal advective and thermocline feedbacks respectively. Kim et al. (2013) also
find models with a flatter mean thermocline (low west-east difference of z20) have
zonal currents that are more sensitive to wind stress changes, which is included in the
zonal advective feedback. and is suggested by the negative relationship (correlation
of -0.39) between Nin˜o 4 20◦C isotherm depth and the zonal advective feedback
found here.
A difference to previous work is found in the relationship between isotherm depth
and the thermocline feedback. It is suggested by Yeh et al. (2009), Kim et al. (2013)
and Lubbecke and McPhaden (2014) that the thermocline feedback is affected by the
mean thermocline depth. However, here there is no significant relationship across
the ensemble between mean z20 and the thermocline feedback, despite significant
relationships being shown with mean zonal currents. Graham et al. (2014) suggest
that feedbacks may not be accurately represented by the Bjerknes stability index,
namely thermocline and zonal advective feedbacks, due to the assumptions of lin-
earity which are made in the BJ index calculation. Because of this they suggest
that the use of the Bjerknes stability index to quantify inter-ensemble differences in
essentially non-linear feedbacks is unreliable and caution should be exercised when
the BJ index is used in this context.
3.3.2 Thermodynamic damping.
In order to gain better insight into the bias in the strong damping component of
the BJ index, thermodynamic damping, the individual components are examined.
Thermodynamic damping, denoted −α′ is made up of the sum of four damping
components, shortwave (−αSW ), longwave(−αLW ), sensible heat (−αSH) and latent
heat (−α′LH) dampings (see chapter 2 for further detail).
Figure 3.3.4 shows thermodynamic damping, evaluated for OAFlux data de-
scribed in section 2.1 and for all HadCM3 ensemble members for the time period
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Figure 3.3.4: Thermodynamic damping (−α′) and its components, latent heat
(−α′LH) and sensible heat (−αSH) flux damping, longwave (−αLW ) and shortwave
(−αSW ) radiation damping for HadCM3 ensemble for 1986-2015. Each ensemble
members result is given by a dot coloured by its perturbation type, red for atmo-
spheric perturbation, blue for ocean perturbation and black for no perturbations.
Results for SODA reanalysis are shown by black horizontal lines with 95% linear fit
confidence interval error range shown by grey shading. Ensemble means are given by
diamonds with +/- 1 s.d. error bars. Minimum and maximum errors for ensemble
members are given at the top of figures.
1986-2015. As discussed in the previous section thermodynamic damping is weak for
all members of the ensemble, a known bias in CGCMs (Lloyd et al., 2009; Kim and
Jin, 2011b; Kim et al., 2013). The individual components of thermodynamic damp-
ing (shortwave, longwave, latent heat and sensible heat flux dampings) are shown
in figure 3.3.4. OAFlux data shows the strongest components are latent heat flux
damping and shortwave damping with values of −1.11± 0.07 yr−1 and −1.49± 0.13
yr−1 respectively. Both are weak in the ensemble, as will be discussed here, causing
the weak thermodynamic damping.
Shortwave flux feedback (-αSW ) describes the damping due to variations of solar
radiation at the surface. This feedback has two regimes in the equatorial Pacific
depending on the large scale circulation. In regions of subsidence, such as the cool
east Pacific, a warming SST anomaly acts to reduce static stability which breaks up
marine stratiform clouds in the area leading to an increase of solar radiation reaching
the surface, creating a positive feedback (Klein and Hartmann, 1993). However, in
warmer areas of ascent, such as over the warm pool in the west Pacific, a positive SST
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anomaly increases convective cloud cover causing a damping feedback (Ramanathan
and Collins, 1991).
Shortwave damping is significantly weaker than the reanalysis with ensemble
means of −0.52±0.36 yr−1 for atmosphere ensemble members and −0.78±0.17 yr−1
for ocean ensemble members. Shortwave damping shows a large range of behaviour
over the ensemble with some ensemble members even showing positive values. While
perturbation type doesn’t impact the sign of bias, atmosphere perturbation ensem-
ble members have more diverse shortwave damping strengths, demonstrated by the
difference in the standard deviations for both halves of the ensemble. Correlating
shortwave damping with total thermodynamic damping gives a value of 0.93, sug-
gesting this is the main cause for variations in the total damping. The overly cool
sea surface temperature in the HadCM3 model in the equatorial Pacific may cause
the positive shortwave damping regime described above to be more prevalent caus-
ing the weak damping by shortwave radiation. Lloyd et al. (2012) suggest biases in
shortwave damping such as those found here may be explained by non-linearities in
large scale circulation responses to SST changes, which can be related to the model
mean state, as well as cloud response non-linearities.
Latent heat flux is impacted by changes in wind speed anomalies and near surface
humidity difference anomalies (see section 1.3.3). SST anomalies cause anomalies
in both wind speed and specific humidity leading to increasing evaporation, causing
latent heat flux anomalies which result in a damping feedback in the east equatorial
Pacific. Most HadCM3 ensemble members have latent heat damping significantly
weaker than the OAFlux reanalysis (see table A.25). Atmosphere perturbation
ensemble members have a mean latent heat flux damping of −0.70± 0.16 yr−1 and
ocean perturbation ensemble members have a mean damping of −0.78± 0.15 yr−1.
The correlation between thermodynamic damping and latent heat flux damping is
slightly lower than shortwave flux damping with a value of 0.82. Sensible heat and
longwave components are comparatively small and so do not impact α very much.
Therefore, further investigation into thermodynamic damping will be focused on
examination of shortwave and latent heat components.
Previous studies, such as Lloyd et al. (2009), have found a positive relation-
ship between amplitude and thermodynamic damping (−α) in a selection of CMIP3
models, therefore a stronger thermodynamic damping corresponds to weaker El
Nin˜o events. This is not the case in the HadCM3 ensemble however. Plots show-
ing the relationship between ENSO amplitude (Nin˜o 3.4 SSTA standard deviation)
and thermodynamic damping (both corrected and uncorrected) are shown in figure
3.3.5. Here it can be seen that when considering all ensemble members there is no
positive relationship. The correlation between (corrected) thermodynamic damping
and ENSO amplitude is -0.22 (insignificant at the 90% level). This is increased to a
correlation of -0.54 for the uncorrected thermodynamic damping (see section 2.2.6).
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Figure 3.3.5: a): Thermodynamic damping with added flux adjustment component,
−α′, (y-axis) plotted against standard deviation of Nin˜o 3.4 SSTA representing
ENSO amplitude (x-axis) for the time period 1986-2015 of the HadCM3 ensemble.
b): Same as a) but for uncorrected thermodynamic damping, −α, on the y-axis.
Each ensemble members result is given by a dot coloured by its perturbation type,
red for atmospheric perturbation, blue for ocean perturbation and black for no
perturbations. Correlation between the two is printed in the bottom right corner.
Linear fits which are significant at the 99% significance level are shown by solid
lines. Linear fits which are significant at the 95% significance level are shown by
dashed lines.
If the ensemble is split by perturbation type, demonstrated in figures by the use of
blue and red, stronger relationships are evident.
Ensemble members featuring ocean perturbations show a stronger relationship
between thermodynamic damping and ENSO amplitude. (-0.73 and -0.74 for the
corrected and raw thermodynamic damping respectively). This is an interesting re-
sult which suggests that ocean perturbations have a larger impact on amplitude and
thermodynamic damping strength. Unfortunately, the nature of the perturbations
used in the ensemble, e.g. multiple parameters perturbed simultaneously, means
that the underlying reasons behind the differences in inter-ensemble variations and
their link to perturbation type are unable to be isolated here.
For ensemble members with atmospheric perturbations (shown in plots in red)
a positive relationship, with correlation 0.6, is shown between −α′ and ENSO am-
plitude suggesting that ensemble members with weaker El Nin˜os also have a weaker
thermodynamic damping. The contrast between signs of the ocean and atmosphere
ensemble member correlations then leads to a weak relationship when examining
the ensemble as a whole.
The impact of flux adjustment is large here for atmosphere perturbation mem-
bers. The addition of a flux adjustment component to latent heat flux damping
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causes the relationship with ENSO amplitude to increase in the atmosphere half of
the ensemble. The implementation of the flux adjustment component is primarily
as a means to investigate the link between flux adjustment strength and thermo-
dynamic damping strength. While this change in relationship points to a possible
influence of flux adjustment on thermodynamic damping (or ENSO amplitude) for
atmosphere perturbation ensemble members there is an issue of cause and effect. It
is unknown if the relationship exists because of the use of flux adjustment in the
ensemble. A second possibility is that a separate factor impacts the strength of flux
adjustment and the strength of thermodynamic damping. Without examining an
un-flux adjusted version of the ensemble, attributing a difference in ENSO behaviour
to the strength of flux adjustment, or vice versa, is not possible.
Figure 3.3.6 shows plots of thermodynamic damping components against ENSO
amplitude. Shortwave damping, a dominant thermodynamic damping component,
also shows the split response between ensemble members with perturbation type.
For ensemble members with atmospheric perturbations, shortwave damping has a
correlation with ENSO amplitude of 0.63. Conversely, for ocean perturbation mem-
bers shortwave damping has a correlation of -0.76 with ENSO amplitude. As with
total thermodynamic damping this suggests that perturbations are impacting either
αsw or ENSO amplitude differently than ocean perturbations. However, the exact
cause of this difference is unable to be isolated as explained above.
The relationship between latent heat flux damping and ENSO amplitude changes
depending on flux adjustment correction. Raw latent heat flux damping shows a
strong negative relationship with ENSO amplitude, therefore is the main cause of
the unusual negative thermodynamic damping-ENSO amplitude relationship. How-
ever, this changes to a split response depending on perturbation type when a flux
adjustment component is added, similar to that shown by shortwave damping. This
implies that flux adjustment variations, which differ by perturbation type, are linked
to inter-ensemble variations of latent heat flux damping which then impacts ther-
modynamic damping.
A question remains as to why latent heat flux damping is stronger for ensemble
members with stronger El Nin˜o events, which results in an inverse relationship be-
tween thermodynamic damping and ENSO amplitude as shown by a correlation of
-0.78 using the raw model data only for latent heat flux damping (−αLH) and by a
correlation of -0.61 in the ocean perturbation half of the ensemble using the latent
heat damping with an added flux adjustment component.
Despite little (or negative) relationship over the total ensemble between ampli-
tude and thermodynamic damping, it has already been seen in the previous section
that there exists a link between α′ and mean SST. This relationship exists for the
dominant shortwave component, where a correlation of -0.64 exists with mean sea
surface temperature averaged over the Nin˜o 3 area suggesting warmer temperatures
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in the east equatorial Pacific lead to stronger shortwave damping. This is shown
in the scatter plots in figure 3.3.7 of the components of thermodynamic damping,
−αSW , −αLW , −αSH and −α′LH (y-axis) against mean Nin˜o 3 sea surface temper-
ature (x-axis). Reasons behind thermodynamic damping biases are investigated in
more depth in chapter 5.
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Figure 3.3.6: Thermodynamic Damping components, −αLW , −αSW , −αLH , −α′LH ,
and −αSH on the y-axes plotted against standard deviation of Nin˜o 3.4 SSTA rep-
resenting ENSO amplitude (x-axis) for the time period 1986-2015 of the HadCM3
ensemble. Each ensemble members result is given by a dot coloured by its perturba-
tion type, red for atmospheric perturbation, blue for ocean perturbation and black
for no perturbations. Correlation between the two is printed in the bottom right
corner. Linear fits which are significant at the 99% significance level are shown by
solid lines. Linear fits which are significant at the 95% significance level are shown
by dashed lines.
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Figure 3.3.7: Thermodynamic Damping components, −αLW (top left), −αSW (top
right), −α′LH (bottom left) and −αSH (bottom right) on the y-axes plotted against
mean Nin˜o 3 SST (x-axis) for the time period 1986-2015 of the HadCM3 ensemble.
Each ensemble members result is given by a dot coloured by its perturbation type,
red for atmospheric perturbation, blue for ocean perturbation and black for no
perturbations. Correlation between the two is printed in the bottom right corner.
Linear fits which are significant at the 99% significance level are shown by solid
lines. Linear fits which are significant at the 95% significance level are shown by
dashed lines.
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3.3.3 Zonal advective feedback.
This section goes on to assess one of the strongest positive feedbacks, the zonal ad-
vective feedback, which tends to be weak in the HadCM3 ensemble. The feedback is
split into components, the products of which give the total feedback. The ensembles
representation of them is then assessed.
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Figure 3.3.8: Zonal advective feedback (ZA) and its components, sensitivity of zonal
ocean currents to changes in zonal surface wind stress (βu), sensitivity of wind stress
to changes in sea surface temperature (µa) and mean zonal temperature gradient
in the east Pacific (−d〈T¯〉E
dx
) for the HadCM3 ensemble and time period 1986-2015.
Each ensemble members result is given by a dot coloured by its perturbation type,
red for atmospheric perturbation, blue for ocean perturbation and black for no
perturbations. Results for reanalysis data are shown by black horizontal lines with
95% linear fit confidence interval error range shown by grey shading. Ensemble
means are given by diamonds with +/- 1 s.d. error bars. Minimum and maximum
errors for ensemble members are given at the top of figures.
Zonal advective feedback, the BJ index component representing the strength
of the amplification of SSTs due to weakened westward water transport during El
Nin˜o events, and its components βu, µa and −d〈T¯〉Edx , are calculated for the HadCM3
ensemble for time period 1986-2015, as well as for the reanalysis data, and are
displayed in figure 3.3.8. The equation for zonal advective feedback is given by:
ZA = µaβu
−d 〈T 〉E
dx
(3.3.1)
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where βu represents the sensitivity of zonal currents to changes in zonal surface
wind stress, µa represents the response of wind stress to sea surface temperature
anomalies and −d〈T¯〉E
dx
represents the zonal mean temperature gradient in the east
equatorial Pacific. Figure 3.3.8 shows these components calculated for the HadCM3
ensemble in comparison to the OAFlux results.
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Figure 3.3.9: Zonal advective feedback components, βu (top left), µa (top right) and
−d〈T¯〉E
dx
(bottom left) on the y-axes plotted against total zonal advective feedback,
ZA (x-axis) calculated for the HadCM3 ensemble and time period 1986-2015. Each
ensemble members result is given by a dot coloured by its perturbation type, red
for atmospheric perturbation, blue for ocean perturbation and black for no pertur-
bations. Correlation and covariance between the two is printed in the bottom right
corner. Linear fits which are significant at the 99% significance level are shown by
solid lines. Linear fits which are significant at the 95% significance level are shown
by dashed lines.
The sensitivity of wind stress to changes in sea surface temperature, µa, (also used
in thermocline feedback) tends to be strong when compared to the reanalysis with
twenty eight ensemble members showing a coupling significantly stronger than the
reanalysis value of 0.0045±0.0003 Pa K−1 (see table A.26) and both ensemble means
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are significantly larger than the reanalysis (0.0056± 0.0005 Pa K−1 for atmosphere
ensemble members and 0.0055± 0.0005 Pa K−1 for ocean ensemble members)
The mean zonal temperature gradient shows an ensemble mean for atmosphere
ensemble members, 4.1± 0.23× 10−7 K m−1, lower than the reanalysis, 4.48× 10−7
K m−1. However, ocean perturbation ensemble members tend to have a stronger
temperature gradient than atmosphere ensemble members and show more diversity,
though the ensemble mean, 4.9± 0.63× 10−7 K m−1, is not significantly larger than
the reanalysis.
The sensitivity of zonal currents to zonal surface wind stress anomalies, βu, is
significantly weak for all ensemble members (table A.26) when compared to the
reanalysis value of 6.85 ± 0.5 × 108 m Pa−1yr−1 in agreement with the findings of
Kim et al. (2013) who suggest the sensitivity of zonal ocean currents to wind stress
anomalies to be the cause of weak zonal advective feedback in CMIP3 and CMIP5
models. While there are small differences in the ensemble means of atmosphere and
ocean perturbation members for both βu and µa, these differences are insignificant
(by students t-test) for both components.
The dominance of the individual components have been investigated in figure
3.3.9. The sensitivity of zonal currents to wind stress anomalies, βu, has the highest
covariance and a high correlation (0.74) with the total zonal advective feedback. The
zonal temperature gradient, −d〈T¯〉E
dx
, has a significant correlation of 0.68 with the
zonal advective feedback, though its covariance is small compared to the covariance
between βu and the total feedback due to less variation of −d〈T¯〉Edx between ensemble
members. This suggests this component has less influence than βu overall.
The relationship of zonal advective feedback and its components with mean Nin˜o
4’ zonal current, found to have a strong relationship with the total feedback in section
3.3, is investigated in figure 3.3.10. The feedback and components are plotted on the
y-axes against mean Nin˜o 4’ zonal surface ocean current. Ensemble members with
strong mean zonal surface ocean currents in the west equatorial Pacific also show
zonal currents more sensitive to wind stress anomalies, as shown by a correlation
of 0.58, leading to a larger zonal advective feedback. When only considering at-
mosphere or ocean perturbation ensemble members correlations are weakened (0.45
and 0.41, significant at the 90% level) compared to the full ensemble. Mean zonal
currents have a slightly smaller impact on mean temperature gradient (−d〈T¯〉E
dx
) with
a correlation of 0.55. However, in this case correlations for atmosphere and ocean
perturbation are insignificant (at 90% level) and a significant relationship is only
found when considering all ensemble members.
These results suggest that variations in the response of the zonal currents to
wind stress linked to diversity in the strength of the mean zonal surface ocean
currents between ensemble members result in inter-ensemble differences of the zonal
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Figure 3.3.10: Zonal advective feedback, ZA, and components, βu (top left), µa
(top right) and −d〈T¯〉E
dx
(bottom left) on the y-axes plotted against mean zonal
surface ocean current averaged over the Nin˜o 4’ area calculated for the HadCM3
ensemble and time period 1986-2015. Each ensemble members result is given by a dot
coloured by its perturbation type, red for atmospheric perturbation, blue for ocean
perturbation and black for no perturbations. Correlation and covariance between
the two is printed in the bottom right corner. Linear fits which are significant at
the 99% significance level are shown by solid lines. Linear fits which are significant
at the 95% significance level are shown by dashed lines.
advective feedback. Typically, strong zonal ocean currents require a stronger surface
wind stress anomaly in order to induce an eastward current anomaly to warm east
Pacific SST, resulting in weak east Pacific ocean current anomalies (and lower βu),
causing a weak zonal advective feedback. Conversely, ensemble members which do
not show as strong mean zonal surface ocean currents show a greater, and more
accurate, sensitivity of ocean currents to wind stress anomalies. Extending this
relationship to ensemble biases implies that the strong zonal surface ocean currents
shown by the ensemble (figure 3.2.3) is a possible cause of the weak zonal advective
feedback.
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3.3.4 Thermocline feedback.
The remaining part of this section will investigate the other dominant positive feed-
back, the thermocline feedback. This feedback represents the amplification of sea
surface temperatures in the east equatorial Pacific due to weakening zonal ocean
currents and the flattening thermocline. Its components are βh, µa and
〈w¯〉E
Hm
which
are multiplied together to obtain the total feedback:
TC = µaβh
〈w〉E
Hm
(3.3.2)
The sensitivity of the top 300m temperature east-west Pacific difference (proxy
for thermocline slope) to changes in equatorial zonal wind stress is represented by
βh. µa is the sensitivity of zonal wind stress to changes in east Pacific sea surface
temperature, also used to calculate the zonal advective feedback, and
〈w¯〉E
Hm
represents
the influence of mean upwelling current averaged over the east equatorial Pacific.
These components are defined and explained in more detail in section 2.2.3.
The total feedback and these components have been calculated for the reanalysis
data and the HadCM3 ensemble during the 1986-2015 time period, the results of
which are shown in figure 3.3.11. By examining the individual components of the
thermocline feedback, βh is the component with the largest bias in the ensemble
with all ensemble members showing significantly (outside of the observed values
+/- 95% confidence interval) weak values of βh with ensemble means of 112± 11 K
Pa−1 and 126±10 K Pa−1 for atmosphere and ocean ensemble members respectively,
compared to 186±11 K Pa−1 calculated using the reanalysis data. This is once again
in agreement with Kim et al. (2013) who find weak sensitivity of the thermocline to
SST anomalies to be a common bias of CMIP3 and CMIP5 models.
The sensitivity of wind stress to SST anomalies, µa, was discussed in section
3.3.3 and is strong for most of the ensemble (see figure 3.3.8 and discussion). The
remaining mean upwelling component,
〈w¯〉E
Hm
, is 2.50 m yr−1 in the reanalysis data and
shows no significant bias for the ocean perturbation ensemble members (ensemble
mean of 2.51± 0.22 m yr−1). However atmosphere perturbations have an upwelling
component weaker than the reanalysis with an ensemble mean significantly weaker
than the reanalysis (2.20± 0.10 m yr−1)
Once again, the impact of the various components of the thermocline feedback
can be investigated by plotting the components βh, µa and
〈w¯〉E
Hm
against the total
feedback as calculated for all HadCM3 ensemble members for the time period 1986-
2015, shown in figure 3.3.12. Correlations and covariances are also shown on the
plots.
The response of the thermocline slope to wind stress anomalies, βh, which is
suggested by Lubbecke and McPhaden (2014) and Kim et al. (2013) to be one of the
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Figure 3.3.11: Thermocline feedback (TC) and its components, sensitivity of ther-
mocline slope to changes in zonal surface wind stress (βh), sensitivity of wind stress
to changes in sea surface temperature (µa) and mean upwelling current averaged
over the east Pacific (
〈w¯〉E
Hm
) for the HadCM3 ensemble for 1986-2015. Each ensemble
members result is given by a dot coloured by its perturbation type, red for atmo-
spheric perturbation, blue for ocean perturbation and black for no perturbations.
Results for reanalysis data are shown by black horizontal lines with 95% linear fir
confidence interval error range shown by grey shading. Ensemble means are given by
diamonds with +/- 1 s.d. error bars. Minimum and maximum errors for ensemble
members are given at the top of figures.
most influential components of the thermocline feedback, has the highest covariance
as well as a correlation of 0.57, significant at the 99% significance level. In this
case µa, the sensitivity of wind stress to sea surface temperature anomalies, has a
positive relationship with thermocline feedback, though still has a weak correlation
and a weak covariance compared to βh. The mean upwelling current component
also has a strong correlation (0.75), noted in section 3.3, but once again has a lower
covariance.
The thermocline feedback is linked to mean zonal surface ocean current in the
Nin˜o 4’ region. Figure 3.3.13 displays the thermocline feedback and its compo-
nents (y-axis) plotted against mean Nin˜o 4’ upwelling current for HadCM3 ensemble
members over 1986-2015. The dominating component, βh, demonstrates a positive
correlation of 0.63 with mean Nin˜o 4’ zonal surface ocean current showing that en-
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Figure 3.3.12: Thermocline feedback components, βh (top left), µa (top right) and
〈w¯〉E
Hm
(bottom left) on the y-axes plotted against total thermocline feedback, TC
(x-axis) for the HadCM3 ensemble for 1986-2015. Each ensemble members result is
given by a dot coloured by its perturbation type, red for atmospheric perturbation,
blue for ocean perturbation and black for no perturbations. Correlation and covari-
ance between the two is printed in the bottom right corner. Linear fits which are
significant at the 99% significance level are shown by solid lines. Linear fits which
are significant at the 95% significance level are shown by dashed lines.
semble members with stronger zonal currents in the equatorial west Pacific have a
weaker response of the thermocline slope to wind stress anomalies. This relation-
ship is largely linked to the atmosphere perturbation ensemble members which have
a correlation between βh and mean zonal ocean current of 0.62 (the correlation for
ocean perturbation models is insignificant). A weaker correlation (0.43) is also found
between mean upwelling component and mean Nin˜o 4’ zonal ocean current. This
result is expected as mean zonal ocean currents are linked to east Pacific upwelling.
A stronger zonal ocean current at the surface results in stronger Ekman pumping
increasing the mean upwelling.
Both zonal advective and thermocline feedbacks have positive relationships with
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Figure 3.3.13: Thermocline feedback, TC, and components, βh, µa and
〈w¯〉E
Hm
on the
y-axes plotted against mean zonal ocean current averaged over the Nin˜o 4’ area
(x-axis) for the HadCM3 ensemble for 1986-2015. Each ensemble members result is
given by a dot coloured by its perturbation type, red for atmospheric perturbation,
blue for ocean perturbation and black for no perturbations. Correlation and covari-
ance between the two is printed in the bottom right corner. Linear fits which are
significant at the 99% significance level are shown by solid lines. Linear fits which
are significant at the 95% significance level are shown by dashed lines.
ENSO amplitude (correlations of 0.56 and 0.42 respectively, not shown) confirming
that the weak relationship thermodynamic damping shows with amplitude in figure
3.3.5 is the underlying cause of the weak relationship between the BJ index and
amplitude over the ensemble.
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3.4 Summary & Discussion
3.4.1 Summary
What is the ‘realism’ of the mean climate and ENSO in the HadCM3 en-
semble?
• A number of biases have been found in the mean equatorial Pacific despite
the use of flux adjustment in the ensemble. All ensemble members show sig-
nificantly stronger zonal ocean currents along the equator (Nin˜o 3’ & Nin˜o 4’
areas), stronger upwelling ocean currents in the east equatorial Pacific (Nin˜o
3’) and a deeper 20◦C isotherm (Nin˜o 3 and all but one ensemble member in
Nin˜o 4) than SODA (figure 3.2.3 and tables A.20 and A.21).
• Fewer significant biases are found in the strength of inter-annual anomalies.
The largest biases which are consistent for the majority of the ensemble are in
Nin˜o 3 zonal and meridional surface ocean currents (thirty two ensemble mem-
bers for zonal ocean currents and the full thirty three for meridional currents,
figures 3.2.6, 3.2.7, tables A.22, A.23).
• Significant biases are also found in dominant ENSO feedbacks; the thermo-
dynamic damping (all ensemble members weaker than reanalysis), the zonal
advective feedback (twenty eight ensemble members) and the thermocline feed-
back (twenty two ensemble members). Ensemble means for all three of the
feedbacks are significantly weaker than the reanalysis (figure 3.3.2, table A.24).
• Biases in feedbacks can be attributed to a weak latent heat flux damping, a
weak shortwave damping (figure 3.3.4), a weak sensitivity of ocean currents to
wind stress anomalies (figure 3.3.8), and a weak sensitivity of the thermocline
depth to wind stress anomalies (figure 3.3.11). All of these biases are significant
(outside of 95% confidence interval) for all ensemble members except latent
heat flux damping which is significant for thirty two ensemble members (tables
A.25, A.26, A.27).
What causes variations in ENSO in different ensemble members?
• The dominant feedback of the BJ index is thermodynamic damping. This in
turn is found to be dominated by shortwave damping which has a correlation
of 0.93 with the total thermodynamic damping. Shortwave damping is found
to be linked to mean SST in the east Pacific such that warmer temperatures
coincide with a stronger shortwave damping (correlation of -0.65, figure 3.3.7).
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• The zonal advective feedback is dominated by the sensitivity of ocean currents
to wind stress anomalies, βu, which shows a high correlation (0.74) and covari-
ance (9.9× 106) with the total feedback (figure 3.3.9). This coupling is linked
to mean zonal ocean current strength in the equatorial west Pacific (corre-
lation of 0.58, figure 3.3.10) such that stronger zonal surface ocean currents
are linked to a weaker ocean current sensitivity which drives inter-ensemble
variations in the strength of the zonal advective feedback.
• The sensitivity of the thermocline slope to wind stress anomalies, βh is the
dominant component of the thermocline feedback showing a large correlation
and covariance with the total feedback (figure 3.3.12). βh also shows a signif-
icant relationship with west Pacific mean zonal ocean currents (correlation of
0.63, figure 3.3.13)
• Both dominant positive feedbacks show positive relationships with ENSO am-
plitude (correlations of 0.56 & 0.42 for ZA & TC feedbacks). Conversely
thermodynamic damping shows a negative relationship with amplitude (corre-
lation of -0.54, figure 3.3.5). Shortwave damping shows a complex relationship
with ENSO amplitude depending on perturbation type of the ensemble mem-
ber. A positive relationship is found between shortwave damping and ENSO
amplitude for atmosphere perturbations (correlation of 0.63). For ocean en-
semble members a negative relationship is found (correlation of -0.76, figure
3.3.6)
3.4.2 Discussion
An advantage of the ensemble used here is the use of flux adjustment which results
in accurate mean SSTs compared with other CGCMs (Guilyardi, 2006; Bellenger
et al., 2013) and subsequently more accurate feedbacks (Kim et al., 2013; Kim and
Jin, 2011b). Despite this, feedbacks biases common in coupled models (Lloyd et al.,
2009; Kim and Jin, 2011b; Kim et al., 2013; Bellenger et al., 2013) are found. Biases
in dominant ENSO feedbacks, namely the thermodynamic damping, zonal advective
and thermocline feedbacks, exist and through the use of a perturbed physics ensem-
ble have been related to mean equatorial Pacific climate errors. Most importantly,
the zonal ocean current variation and bias in this ensemble is linked to both weak
dominant positive feedbacks, an addition to the mean climate links to ENSO feed-
backs suggested by Kim et al. (2013). In order to improve simulation of ENSO, the
Pacific mean state, which influences variability spatial patterns, must be improved.
Here, the Bjerknes’ stability index has been useful when evaluating ENSO feed-
backs. However, if only the total BJ index is taken into account, some of the biases in
ENSO feedbacks may be overlooked as some error compensation can occur. There-
fore care must be taken to examine the individual feedbacks rather than the total
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stability as a measure of ENSO strength. It is also important to note that the
assumption of linearity used in the calculation of the BJ index is a known oversim-
plification (Graham et al., 2014; Lloyd et al., 2010, 2012; Bellenger et al., 2013) and
has called into question the validity of results from the BJ index analysis to explain
inter-model differences in ENSO feedbacks. Graham et al. (2014) compare results
from a BJ index stability analysis to a heat budget analysis and find significant
differences in the results which are related to non-linearities in feedbacks and call
into question the robustness of the BJ index analysis.
The links found in this chapter between ENSO feedbacks and the equatorial
Pacific climate inform the research questions in chapter 5 which aims to use the BJ
index to assess feedback responses in a changing climate. The significant biases found
in the dominant thermodynamic damping and its components and the underlying
causes of their relationship with mean state bias are further assessed in chapter 5.
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4 HadCM3: Climate change results.
4.1 Introduction.
In this section, the response of the Pacific ocean and ENSO in the HadCM3 ensemble
to climate change is investigated and two research questions are focused on.
• What is the projected response of the Pacific ocean and ENSO to
global warming in the HadCM3 ensemble?
• What causes the responses of ENSO feedbacks to global warming in
the HadCM3 ensemble?
There are many studies which use CGCMs to assess possible changes to ENSO in
a future climate (e.g. Collins et al., 2010a; Merryfield, 2006; Vecchi and Soden, 2007
and it is believed that basic changes in mean Pacific climate are understood, though
multi model ensembles sometimes give varying results. In particular, the response of
ENSO to global warming is currently unknown. In general, the Walker circulation is
expected to slow in response to warmer temperatures and so trade winds will weaken
which in turn lead to a weakening of both the zonal ocean current and upwelling
currents and a flattening thermocline (Yeh et al., 2009; Vecchi et al., 2006; Vecchi
and Soden, 2007; Power and Smith, 2007). The impact this has on ENSO and its
teleconnections is still under investigation.
In order to answer the first research question the response of mean climate is
evaluated for the HadCM3 ensemble in section 4.2.1 as it has been suggested that
changes in climate such as those mentioned above impact important ENSO feed-
backs. Santoso et al. (2013) suggest that the strength of zonal ocean currents have
an impact on ENSO propagation as well as the zonal advective and thermocline
feedbacks. Zhang et al. (2008) also find that weakening trade winds and upwelling
current leads to a weaker thermocline feedback. Yeh et al. (2009) suggests these
changes have led to an increase in the occurrence of CP El Nin˜os in comparison to
EP El Nin˜os in recent years.
While mean climate changes are understood, the response of Pacific ocean anoma-
lies under climate change are often found to be represented differently in different
CGCMs (Vecchi and Wittenberg, 2010; Collins et al., 2010a). The response of Pa-
cific ocean anomalies in the HadCM3 ensemble is investigated in section 4.2.2, as
well as any spatial changes. Changes in ENSO characteristics are also examined in
section 4.2.3
Kim and Jin (2011b) find ENSO stability also shows a variety of responses under
climate change in the CMIP3 models, though as mentioned above a number of stud-
ies have linked mean climate conditions to changes in ENSO feedbacks. Lubbecke
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and McPhaden (2014) also link changes in ENSO stability to mean climate re-
sponses in reanalysis data. In recent years some agreement has been reached on
ENSO response to global warming when using alternative evaluation methods, such
as assessing precipitation as a measure of extreme El Nin˜o (Cai et al., 2014) or as-
sessment of ENSO feedbacks (Kim et al., 2014). In an attempt to answer the second
research question the response of the BJ index in the HadCM3 ensemble is found in
section 4.3 and possible relationships between ENSO and the changes found in the
Pacific ocean climate are also examined.
4.2 ENSO and Pacific ocean under climate change.
4.2.1 Mean equatorial Pacific ocean.
Figure 4.2.1 shows mean sea surface temperature in the east (Nin˜o 3), west (Nin˜o
4) and central (Nin˜o 3.4) equatorial Pacific under climate change as a function of
time for all members of the HadCM3 ensemble. Individual ensemble members are
plotted in grey with the ensemble mean shown in red. The timeseries are from 1895
to 2075 and are calculated using sixteen thirty year long time intervals which begin
every ten years.
Mean sea surface temperatures for the equatorial Pacific are steadily increasing
from 2000, consistent with climate change. There is little variation in the response
between ensemble members and the temperature increase is fairly uniform across
the equatorial Pacific, with the ensemble means showing a significant (larger than 1
s.d. of SST in 1896-1985 time period) warming of around 2 ◦C in all areas.
HadCM3 ensemble means of sea surface temperature in the time periods, dis-
played in figure 4.2.2 a), show a larger warming in the Nin˜o 3 area along the equator
resulting in a weaker zonal temperature gradient across the equatorial Pacific. The
magnitude of changes in ensemble mean of SST are found to be larger than 1 stan-
dard deviation of the PPE time periods 1896-1985 (defined for the remainder of the
chapter as natural variability), shown by stippling on figures.
While significant increases in SST are shown, figure 4.2.3 shows that trends in
other climate variables (e.g. wind stress) are not greater than natural variability.
Figure 4.2.3 e) shows that the sea surface warming is accompanied by decreased
heat flux into the ocean from the atmosphere. The HadCM3 ensemble mean of area
averaged heat flux decreases from 108 W m−2 to 102 W m−2 in the Nin˜o 3 area for
atmosphere ensemble members.
Figure 4.2.3 also shows a deepening of the 20◦C isotherm in the east equatorial
Pacific, with both ensemble means showing an increase of 7m, suggesting a flat-
tening of the thermocline in response to climate change. The contour plot of the
ensemble mean z20 response, shown in figure 4.2.2, confirms that the 20
◦ isotherm
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Figure 4.2.1: Mean SST averaged over the Nin˜o 3 (top left), Nin˜o 4 (top right)
and Nin˜o 3.4 (bottom) areas. Each thin line represents a single HadCM3 ensemble
member (coloured by perturbation type, red for atm., blue for oce.) with the thick
lines representing ensemble means. Dashed black horizontal lines show the value
found for the HadISST data with grey shading showing error range. Means are
calculated for sixteen thirty year long time intervals which begin every ten years
and result in the timeseries spanning 1895 to 2075. Significant (difference greater
than natural variability) trends are plotted using solid lines, lines are dashed for
insignificant trends.
is flattening in response to climate change as the ensemble mean of depth of the
isotherm significantly increases in the far east. This result is in agreement with
studies which find a flattening thermocline in response to climate change for both
models and observations (Zhang et al., 2008; Philip and van Oldenborgh, 2006).
This is also consistent with warming of surface temperatures found in the east and
the weaker zonal temperature gradient. However, it should be noted that use of the
20◦C isotherm depth is not necessarily an accurate representation the thermocline
depth under climate change in a time series such as those shown here as warmer
sea surface temperatures will result in a warmer thermocline therefore a warmer
isotherm may be used to approximate the thermocline for later time periods.
There are also weakened trade winds and zonal surface ocean currents which
lessen the transport of warm water away from the east Pacific. HadCM3 ensem-
ble mean trade winds in the east equatorial Pacific show increases of 8 × 10−3 Pa
and 4× 10−3 Pa for atmosphere and ocean ensemble members respectively, demon-
122
−20
−15
−10
−5
0
5
10
15
20
Ens. mean T, 1986−2015 (A)
−20
−15
−10
−5
0
5
10
15
20
La
tit
ud
e
°C
l l l
l l l l
l l l l l l l l l l l l
l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l
Ens. mean T, 2046−2075 (B)
−20
−15
−10
−5
0
5
10
15
20
l l l
l l l l
l l l l l l l l l l l l
l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l
Difference (B−A)
Longitude
°C
120 °E 160 °E 160 °W 120 °W 80 °W
20
22
24
26
28
30
32
−3
−2
−1
0
1
2
3
a)
−20
−15
−10
−5
0
5
10
15
20
Obs. mean z20 (A)
−20
−15
−10
−5
0
5
10
15
20
La
tit
ud
e
m
l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l
l l l l l l l
l l l l l l l
l l l l l
l l l
l l l
l l
l l
l l l
l l l
l l l
l l l
l l l l
l l l l l
l l l l
l l l
l l l
l l l
l l l l
l l l l l
l l l l
l l l l l l l l
l l l l l l l l
l l l l l l l l l l l l l l
l l l l l l l l l l l l l
l l l l l l l l l l l l l l
l l l l l l l l l l l l l
l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l
l l l l l l l l l l l l
l l l l l l l l l l l l
Ens. mean z20, 1986−2015 (B)
−20
−15
−10
−5
0
5
10
15
20
l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l l l l
l l l l l l l
l l l l l l l
l l l l l
l l l
l l l
l l
l l
l l l
l l l
l l l
l l l
l l l l
l l l l l
l l l l
l l l
l l l
l l l
l l l l
l l l l l
l l l l
l l l l l l l l
l l l l l l l l
l l l l l l l l l l l l l l
l l l l l l l l l l l l l
l l l l l l l l l l l l l l
l l l l l l l l l l l l l
l l l l l l l l l l l l l l l
l l l l l l l l l l l l l l l
l l l l l l l l l l l l
l l l l l l l l l l l l
Difference (B−A)
Longitude
m
120 °E 160 °E 160 °W 120 °W 80 °W
0
50
100
150
200
250
−50
−30
−10
10
30
50
b)
Figure 4.2.2: a): Mean SST over the equatorial Pacific. b): Mean depth of the
20 ◦C isotherm over the equatorial Pacific. For each there are contours the HadCM3
ensemble mean for 1986-2015 (top), 2046-2075 (middle) and the difference between
the two (bottom). Red and yellow areas show positive values and blue areas show
negative values. Nin˜o 3 and Nin˜o 4 areas are outlined using black boxes, Nin˜o 3.4 is
outlined with a dashed box. Stippling shows regions where trends are greater than
natural variability
strating a stronger response for atmosphere ensemble members. This wind stress
response could represent a weakening of the Walker circulation often seen as a re-
sponse to climate change both in models and observations (Power and Smith, 2007;
Vecchi et al., 2006; Vecchi and Soden, 2007; Yang and Zhang, 2008). This has
been suggested to impact ENSO in a variety of ways, particularly ENSO feedbacks
such as the thermocline feedback (Philip and van Oldenborgh, 2006; Lubbecke and
McPhaden, 2014). Zonal currents also weaken across the equatorial Pacific with
both the atmosphere and ocean ensemble means showing a decrease of 1× 10−3 m
s−1 in the Nin˜o 4’ area. Slowed zonal surface ocean currents lead to reduced wa-
ter transport towards the west, therefore a reduced westward extension of the cold
tongue, causing a flattening of the thermocline.
Upwelling ocean currents also become weaker under climate change, signifying
reduced water transport from the equator and less cool subsurface water upwelling.
The ensemble means of average upwelling current show decreases of 0.11× 10−5 m
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Figure 4.2.3: Mean wind stress (top left), depth of the 23 ◦C isotherm (top right),
eastward ocean current (middle left), upwelling ocean current (middle right) and
heat flux (bottom left) averaged over the Nin˜o 3 area. Each thin line represents a
single HadCM3 ensemble member (coloured by perturbation type, red for atm., blue
for oce.) with the thick lines representing ensemble means. Dashed black horizontal
lines show the value found for the reanalysis data with grey shading showing error
range. Significant (difference greater than natural variability) trends are plotted
using solid lines, lines are dashed for insignificant trends.
s−1 and 0.16 × 10−5 m s−1 in the Nin˜o 3’ area for atmosphere and ocean ensemble
members respectively. This is a result consistent with the warmer surface tempera-
tures shown in figure 4.2.2 and is a response shown both in observations and climate
models (Zhang et al., 2008; Kim and Jin, 2011b). These decreases in ocean cur-
rent mean states would suggest that the mean current damping component of the
stability index (equation 2.2.1) will decrease also. However, as this is the weakest
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feedback, shown in figure 3.3.2, this may not have much impact on overall ENSO
stability.
In this section it has been found there are significant changes in the sea surface
temperatures in the equatorial Pacific. As well as the warming sea surface temper-
atures in the equatorial Pacific there are decreased ocean currents, particularly in
the west Pacific. There is also a decreased slope of the thermocline and a weaker
zonal SST gradient due to weakened ocean currents and trade winds consistent with
a weakened Walker circulation. However, mean climate changes other than temper-
ature are not outside of the standard deviation of PPE time period of 1896-1985.
4.2.2 Equatorial Pacific ocean variability.
The response of Nin˜o 3 and Nin˜o 4 SST anomalies (strength is given by standard
deviation of anomalies) over time is shown in figure 4.2.4. There are increases in
SSTA strength for both regions over time. Ocean perturbation ensemble members
tend to show a larger increase than atmosphere perturbation ensemble members. In
the Nin˜o 3 area ensemble mean SSTA s.d. shows an increase of 0.35◦C for ocean
ensemble members and 0.24◦C for atmosphere perturbation ensemble members. This
response is slightly stronger in the east equatorial Pacific, where twenty six ensemble
members show significant trends, compared to the Nin˜o 4 increases of 0.07◦C and
0.18◦C.
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Figure 4.2.4: Standard deviation of SST anomalies averaged over the Nin˜o 3 (left)
and Nin˜o 4 (right) areas. Each thin line represents a single HadCM3 ensemble
member (coloured by perturbation type, red for atm., blue for oce.) with the thick
lines representing ensemble means. Dashed black horizontal lines show the value
found for the reanalysis data with grey shading showing error range. Significant
(difference greater than natural variability) trends are plotted using solid lines, lines
are dashed for insignificant trends.
Ensemble mean SSTA s.d. shows an increase along the equator in the Nin˜o 3
and Nin˜o 3.4 areas with the magnitude of the increases being greater than natural
variability (calculated by taking standard deviation of 1896-1985 time periods for
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all ensemble members) as shown by stippling on the figure. The spatial pattern of
the ensemble mean of SST variability shows little difference over time because of
this.
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Figure 4.2.5: a): Standard deviation of SST seasonal anomalies over the equatorial
Pacific. b): Standard deviation of heat flux seasonal anomalies over the equatorial
Pacific. For each there are contours the HadCM3 ensemble mean for 1986-2015
(top), 2046-2075 (middle) and the difference between the two (bottom). Red and
yellow areas show positive values and blue areas show negative values. Nin˜o 3 and
Nin˜o 4 areas are outlined using black boxes, Nin˜o 3.4 is outlined with a red box.
Stippling shows areas where trends are greater than natural variability
Heat flux variability shows a large increase compared with other climate vari-
abilities with the ensemble means of Nin˜o 3 heat flux variability increasing from 7.62
W m−2 to 14.36 W m−2 for atmosphere ensemble members and from 14.19 W m−2
to 23.58 W m−2, with thirty one ensemble members showing significant trends (ta-
bles A.30 and A.31). This is over double the response shown by most of the other
timeseries. The diversity of heat flux behaviour over ensemble members and the
larger increases it shows under climate change suggests heat flux is a very sensitive
aspect of the climate in this ensemble. The large increase in heat flux variability in
comparison to SST variability suggests there will be an increase in the amplitude
of thermodynamic damping, which is the sensitivity of atmosphere-ocean heat flux
anomalies to SST anomalies.
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Figure 4.2.6: Standard deviation of seasonal anomalies of wind stress (top left),
depth of the 23 ◦C isotherm (top right), eastward ocean current (middle left), up-
welling ocean current (bottom left) and heat flux (bottom right) averaged over the
Nin˜o 3 area. Each thin line represents a single HadCM3 ensemble member (coloured
by perturbation type, red for atm., blue for oce.) with the thick lines representing
ensemble means. Dashed black horizontal lines show the value found for the re-
analysis data with grey shading showing error range. Significant (difference greater
than natural variability) trends are plotted using solid lines, lines are dashed for
insignificant trends.
This increase in heat flux variability in the Nin˜o 3 area can be seen in the ensem-
ble mean contour plot of the ensemble mean heat flux anomaly standard deviation in
figure 4.2.5 b). Significant increases (larger than natural variability) in the ensemble
mean heat flux anomalies are found in the central equatorial Pacific. This results in
a spread of heat flux variability across the east Pacific. This may be a response to
warmer sea surface temperatures over the central Pacific as warmer temperatures
result in more deep convection occurring during El Nin˜o events which will create
larger shortwave radiation anomalies at the surface in response to SST anomalies, a
large contributor to total heat flux. This is something which is investigated further
in the next section, where the BJ index is used to investigate any changes in ENSO
stability and the individual feedback components.
There are also increases in zonal surface wind stress anomalies; twenty five of
thirty three ensemble members show significant positive trends (tables A.30 and
A.31). Increases in wind stress anomalies are largest in the west Pacific where
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Figure 4.2.7: a) Standard deviation of wind stress and b) zonal ocean current (right)
anomalies over the equatorial Pacific. For each there are contours the HadCM3
ensemble mean for 1986-2015 (top), 2046-2075 (middle) and the difference between
the two (bottom). Red and yellow areas show positive values and blue areas show
negative values. Nin˜o 3 and Nin˜o 4 areas are outlined using black boxes, Nin˜o 3.4
is outlined with a red box. Stippling shows areas where trends show change greater
than natural variability.
variability was strongest previously, and the ensemble mean increase shown in figure
4.2.7 is found to be larger than the ensemble natural variability. Ensemble means
of Nin˜o 4 wind stress increase by 1× 10−3 m s−1 for atmosphere ensemble members
and 3 × 10−3 m s−1 for ocean ensemble members. This means the ensemble has
weaker trade winds and westward water transport during El Nin˜o events.
Zonal surface ocean current variability shows a slight spatial pattern change as
ensemble mean variability increases in Nin˜o 4, shown in figure 4.2.7 a) to be larger
in magnitude than the ensemble natural variability. The ensemble mean of Nin˜o
4 averaged zonal ocean currents increases by 0.07 m s−1 for atmosphere ensemble
members and 0.09 m s−1 for ocean ensemble members with twenty nine individual
ensemble members showing significant positive trends (tables A.30 and A.31).
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4.2.3 ENSO.
In this section changes in ENSO behaviour under climate change will be investi-
gated. As mentioned previously current CGCM’s often do not agree on the re-
sponse of ENSO amplitude and period to climate change (Vecchi and Wittenberg,
2010; Collins et al., 2010a; van Oldenborgh et al., 2005).
1950 2000 2050
0.
0
0.
5
1.
0
1.
5
2.
0
s.d. TA in Nino 3.4
year
°
C
Figure 4.2.8: ENSO amplitude (standard deviation of Nin˜o 3.4 SSTAs). Each thin
line represents a single HadCM3 ensemble member (coloured by perturbation type,
red for atm., blue for oce.) with the thick lines representing ensemble means. Dashed
black horizontal lines show the value found for the reanalysis data with grey shading
showing error range. Significant (difference greater than natural variability) trends
are plotted using solid lines, lines are dashed for insignificant trends.
Timeseries of ENSO amplitude are displayed in figure 4.2.8 for the ensemble.
In the same way as Nin˜o 3 and Nin˜o 4 SST variability (figure 4.2.4), the ENSO
amplitude ensemble means show steady increases from 2000 with the ocean ensemble
member showing a larger increase (0.34◦C compared to atmosphere ensemble mean
increase of 0.18◦C). This increase suggests stronger El Nin˜o events after climate
change. This increase in amplitude is shown by significant positive trends in twenty
five ensemble members (tables A.30 and A.31).
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4.3 Bjerknes’ Stability Index under climate change.
Results of the BJ index calculation for the HadCM3 ensemble over all time periods
are shown in figure 4.3.1. Previous studies, such as Kim and Jin (2011b), have
reached no conclusion about the response of ENSO stability to climate change in
coupled models, though Kim et al. (2014) find a level of agreement in a number
of CMIP5 models. The HadCM3 ensemble used here shows that ENSO becomes
slightly more stable for the BJ index ensemble means in figure 4.3.1, which decrease
over time (decreases of 0.3 yr−1 and 0.12 yr−1) in contrast to increasing El Nin˜o
variability shown in figure 4.2.8. In order to better understand this response the
separate components of the Bjerknes’ stability index calculated for the HadCM3
ensemble from 1896 to 2045 are shown in figure 4.3.2.
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Figure 4.3.1: Bjerknes’ stability index timeseries for all ensemble members. Each
thin line represents a single HadCM3 ensemble member (coloured by perturbation
type, red for atm., blue for oce.) with the thick lines representing ensemble means.
Dashed black horizontal lines show the value found for the reanalysis data with grey
shading showing error range. Significant (difference greater than natural variability)
trends are plotted using solid lines, lines are dashed for insignificant trends.
The most obvious change in the BJ index components is the response of ther-
modynamic damping, which shows increases in strength for almost all ensemble
members (thirty ensemble members show significant, greater than s.d. of 1896-1985
time period, negative trends, tables A.32 and A.33) and ensemble mean decreases of
0.89 yr−1 and 0.52 yr−1. In section 4.2.2, it is noted that heat flux variability in the
ensemble is the most sensitive to climate change, which has led to strong damping on
sea surface temperatures due to larger ocean-atmosphere heat flux anomalies during
El Nin˜o events. This results in the ensemble mean for thermodynamic damping
almost doubling in strength in response to global warming. All ensemble members
show significant positive trends in the strength of mean current damping with en-
semble means increasing from −0.79 yr−1 & 0.47 yr−1 to −0.62 yr−1 & −0.33 yr−1
for atmosphere & ocean ensemble members. However, this is a smaller component so
does not have as much impact on the total BJ index. This response is due to weak-
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ened mean ocean currents in response to warmer sea surface temperatures, shown
in figure 4.2.3. Less cool water upwelling in the east, weakened mean easterly water
transport and weaker meridional water transport result in warmer waters in the east
equatorial Pacific.
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Figure 4.3.2: Bjerknes’ stability index components timeseries for all ensemble mem-
bers. Each thin line represents a single HadCM3 ensemble member (coloured by
perturbation type, red for atm., blue for oce.) with the thick lines representing
ensemble means. Dashed black horizontal lines show the value found for the re-
analysis data with grey shading showing error range. Significant (difference greater
than natural variability) trends are plotted using solid lines, lines are dashed for
insignificant trends.
As well as the stronger thermodynamic damping there are some smaller changes
to the three positive feedbacks. The dominant thermocline feedback weakens slightly
over time with the ensemble means decreasing by 0.11 yr−1 and 0.18 yr−1 for atmo-
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sphere and ocean ensemble members respectively. However, only nineteen of thirty
three ensemble members show a significant negative trend. This feedback was also
found to decrease in recent years in an ensemble of ocean reanalyses by Lubbecke
and McPhaden (2014). However, mixed results were found by Kim and Jin (2011b)
in the CMIP3 ensemble under climate change. The reasons behind the decrease
found here are investigated more thoroughly in section 4.3.3.
Conversely, the zonal advective feedback shows increases under climate change,
the ensemble means increase by 0.18 yr−1 and 0.17 yr−1 with significant trends
shown by twenty four ensemble members. The Ekman feedback ensemble means
also increase by 0.25 yr−1 and 0.17 yr−1 with significant positive trends for thirty
one ensemble members. Kim and Jin (2011b) find this is a consistent result among
CMIP3 models under climate change. Because of this, feedbacks relating to ocean
current anomalies are now a larger contribution to a positive stability balancing out
the weakened thermocline influence, such that the sum of positive feedbacks shows
very little response under climate change (not shown here). Though these changes do
not strongly impact overall stability this does mean that the two dominant positive
feedbacks, the thermocline and zonal advective feedbacks, are now very similar in
strength. By taking the ratio between these two feedbacks (zonal advective feedback
divided by thermocline feedback) it is shown there is a significant impact on feedback
dominance signified by an increase in this ratio over time (ensemble mean increases
of 0.19 and 0.18).
The response of thermodynamic damping in particular dominates the changes
seen in the total stability. This can be checked by correlating the timeseries of the
BJ index with those of the individual components, the results of which are shown
in figure 4.3.3. Strong correlations are shown between thermodynamic damping
and the total BJ index, with twenty seven ensemble members showing a significant
(99% significance) positive correlation. This suggests that this is the component
with the most impact on ENSO stability under climate change, largely due to the
strong response this component shows when compared to the response of the other
feedbacks.
The thermocline feedback, the largest positive feedback, also has a strong rela-
tionship with ENSO stability. Again this is a positive relationship as the thermocline
feedback weakens under climate change with twenty nine ensemble members show-
ing a significant (99% significance) positive correlation with the BJ index. Other
feedbacks tend to show weak relationships with ENSO stability, therefore have less
influence on the decreasing BJ index shown in figure 4.3.1.
Kim and Jin (2011b) find that ENSO stability has a positive relationship with
ENSO amplitude in the CMIP3 models. As the BJ index represents the growth rate
of ENSO, a larger index will mean faster development of events therefore may lead
to events being stronger so a positive relationship between stability and amplitude
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Figure 4.3.3: Correlations of BJ index with each of its components timeseries. En-
semble member runs along x-axis and components run along y-axis. Dark blue
represents strong positive agreement between the BJ index and the respective com-
ponent, dark red represents strong negative correlation. Ensemble members to the
left of the first thick black line are ensemble members with ocean perturbations, to
the right are members with atmosphere perturbations. The column on the far right
labelled ‘all’ correlates all ensemble members.
is a reasonable result. Figure 4.3.4 shows correlations of the BJ index timeseries
with ENSO amplitude (Nin˜o 3.4 SSTA standard deviation) timeseries to check if
this result holds for the HadCM3 ensemble over time.
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Figure 4.3.4: Correlations of BJ index and each of its components with ENSO am-
plitude timeseries. Ensemble member runs along x-axis and index and components
run along y-axis. Dark blue represents strong positive agreement between the BJ in-
dex and the respective component, dark red represents strong negative correlation.
Ensemble members to the left of the first thick black line are ensemble members
with ocean perturbations, to the right are members with atmosphere perturbations.
The column on the far right labelled ‘all’ correlates all ensemble members.
Over time there are significant negative correlations between ENSO amplitude
and stability for eighteen ensemble members (95% significance), due to a decreasing
BJ index when amplitude is increasing, thus ENSO is more stable yet demonstrates
stronger El Nin˜o events. However, this result does not support previous studies
suggesting a positive relationship between BJ index and ENSO amplitude.
The reason for this result is seen in the correlations between thermodynamic
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damping and ENSO amplitude which are significantly negative for twenty eight en-
semble members (99% significance), so ensemble members which show stronger El
Nin˜o events in response to climate change tend to have stronger thermodynamic
damping also. This is in contrast with Lloyd et al. (2012) who finds a positive re-
lationship between thermodynamic damping and ENSO amplitude in the CMIP3
models. Thermodynamic damping is a dominant component of the BJ index re-
sponse so it follows this is the main reason for the negative relationship between the
BJ index and amplitude.
There are also positive relationships between ENSO amplitude and the zonal ad-
vective (twenty one ensemble members show 99% significant positive correlations)
and Ekman feedbacks (twenty eight 99% significant positive correlations) but there
is little agreement across the ensemble on the relationship between thermocline feed-
back and ENSO amplitude, despite it being found that this is the positive feedback
with the strongest influence on ENSO stability. This is something which is investi-
gated in more detail in section 4.3.3.
4.3.1 Thermodynamic damping.
Figure 4.3.2 shows a large increase in the strength of thermodynamic damping in
the HadCM3 ensemble in response to warmer equatorial Pacific conditions. The
increase in the magnitude of thermodynamic damping for all ensemble members
can be attributed to an increase of thermodynamic damping in the central and
east equatorial Pacific. In the 1986-2015 time period peak values of α are largely
distributed in the Nin˜o 4 area, as shown in figure 4.3.5. The later time period of
2046-2075 shows larger α values located further east than in the earlier time period,
with increases in magnitude larger than one standard deviation of all ensemble 1896-
1985 time periods in the central Pacific. This is caused by an increase of heat flux
variability in the Nin˜o 3.4 and Nin˜o 3 areas seen in section 4.2.2.
To determine more about the behaviour of thermodynamic damping the indi-
vidual flux feedbacks that make up thermodynamic damping, latent heat (−αLH),
sensible heat (−αSH), longwave (−αLW ) and shortwave (−αSW ) dampings are also
investigated here. Time series of these flux feedbacks calculated for the HadCM3
ensemble under climate change are shown in figure 4.3.6. Increases in shortwave
damping can be seen (significant trends for twenty nine ensemble members, tables
A.34 and A.35) and appear to be the main cause of the increasing thermodynamic
damping. Despite the diversity of shortwave damping across the ensemble, the at-
mosphere and ocean ensemble means show increases in magnitude under climate
change, from −0.52 yr−1 and −0.78 yr−1 to −1.22 yr−1 and −1.06 yr−1. Atmo-
sphere ensemble members tend to show larger responses with an ensemble mean
difference of 0.7 yr−1 compared to 0.28 yr−1 for ocean ensemble members.
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Figure 4.3.5: Amplitude of thermodynamic damping (α) for the HadCM3 ensemble
ensemble average for 1986-2015 (top), 2046-2075 (middle) and the difference between
them (bottom). Red areas show values of strong damping. Nin˜o 3 & 4 areas are
outlined using black boxes, Nin˜o 3.4 is outlined in a red box. Stippling shows areas
where the change is larger than natural variability.
The other large component, latent heat flux damping, also shows ensemble mean
increases in magnitude with differences of −0.17 yr−1 and −0.19 yr−1 from 1986-2016
to 2046-2075. However, these are small responses when compared to the response
shown by the shortwave component. Sensible heat flux damping and longwave
radiation damping are both comparatively small and so responses over time will
have little impact on total thermodynamic damping. Therefore, the main focus of
this section will be on the other two flux feedbacks, shortwave and latent heat flux
dampings.
In order to investigate the reasons behind the increase in the strength of ther-
modynamic damping, ensemble mean contours of the amplitude of shortwave and
latent heat damping (αSW and αLH) calculated at individual grid points are shown
in figure 4.3.7 for the 1986-2015 and 2046-2075 time periods. The ensemble mean
shortwave damping in the equatorial Pacific in the 1986-2015 time period prior to
global warming is focused largely in the west. In the later time period of 2046-2075
(shown in the middle plot of figure 4.3.7 b)) ensemble mean αSW shows signifi-
cant increases in the Nin˜o 3 and Nin˜o 3.4 areas, greater than the ensemble natural
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Figure 4.3.6: Thermodynamic damping components, longwave and shortwave flux
damping, latent and sensible heat flux damping for the HadCM3 ensemble calculated
for 30 year time intervals staggered every 10 years. Each thin line represents a single
HadCM3 ensemble member (coloured by perturbation type, red for atm., blue for
oce.) with the thick lines representing ensemble means. Dashed black horizontal
lines show the value found for the reanalysis data with grey shading showing error
range. Significant (difference greater than natural variability) trends are plotted
using solid lines, lines are dashed for insignificant trends.
variability, leading to the stronger shortwave damping term seen in figure 4.3.6.
The contour of ensemble mean latent heat flux damping magnitude for 1986-2015
shows larger values in the east equatorial Pacific in contrast to the shortwave and
total heat flux which is centred in the west. Latent heat flux damping also shows
increases in strength in the east equatorial Pacific over time, though these changes
are found to be insignificant. From this and the strong response shown in figure 4.3.6
of αSW it can be concluded that the increases in the strength of shortwave damping
are the main cause for the altered spatial pattern of α shown in figure 4.3.5.
This change in shortwave damping spatial pattern can be attributed to a large
increase of shortwave heat flux variability in the central Pacific, shown in figure
4.3.8. Shortwave heat flux anomalies show a very similar spatial pattern to total heat
flux anomalies (see figure 4.2.5) further suggesting shortwave heat flux dominates
total heat flux under climate change. The centre of variability occurs in the west
equatorial Pacific during the 1986-2015 time period, though over time there are
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Figure 4.3.7: a): HadCM3 ensemble average latent heat damping amplitude (αLH)
for 1986-2015 (top), 2046-2075 (middle) and the difference between them (bottom).
b): Same as a) but for shortwave damping amplitude (αSW ). Red areas show values
of strong damping. Nin˜o 3 & 4 areas are outlined using black boxes, Nin˜o 3.4 is
outlined by a dashed box. Stippling shows areas where the difference is larger than
natural variability.
significant (greater than 1 s.d. of the PPE 1896-1985 time periods) increases in
the Nin˜o 3.4 area leading to an extension of shortwave variability across the central
equatorial Pacific, and so leading to the stronger shortwave damping.
This can be explained by the response of deep convection to warming sea surface
temperatures in the central Pacific. As mentioned previously two regimes of short-
wave flux feedback exist in the equatorial Pacific, a cooling regime in the east and a
warming regime in the west. The shortwave flux feedback is a negative feedback in
areas of ascent (warmer areas), such as the west Pacific, as positive SST anomalies
cause more deep convection to occur in regions of ascent, increasing convective cloud
cover and reducing solar radiation that reaches the surface thus having a cooling
effect on SSTs there. Under global warming this behaviour spreads to the central
Pacific as the mean sea surface temperature increases and deep convection in re-
sponse to SST anomalies becomes more common causing an increase in the strength
of negative shortwave anomalies seen during El Nin˜o events. This is demonstrated
in figure 4.3.8 which shows increased shortwave flux variability in the central Pacific
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Figure 4.3.8: HadCM3 ensemble average of shortwave radiation anomaly standard
deviation for 1986-2015 (top), 2046-2075 (middle) and the difference between them
(bottom). Red areas show strong heat flux variability. Nin˜o 3 & 4 areas are outlined
using black boxes, Nin˜o 3.4 is outlined by a dashed box. Stippling shows areas where
difference is larger than natural variability.
in response to global warming.
Sections 3.3 and 3.3.2 find a relationship between shortwave damping and mean
SST in the equatorial Pacific which influences inter-ensemble variations of thermo-
dynamic damping. This relationship seems to manifest here also in the response
of thermodynamic damping to global warming, consistent with findings of Philip
and van Oldenborgh (2006), Kim and Jin (2011b) and Kim et al. (2013) who find
increases in thermodynamic damping under climate change scenarios in CGCMs.
This response in relation to precipitation is further investigated in chapter 5
4.3.2 Zonal advective feedback.
Time series of the zonal advective feedback and its components, the sensitivity of
zonal currents to changes in zonal surface wind stress, βu, the response of wind stress
to sea surface temperature anomalies, µa, and the zonal mean temperature gradient
in the east equatorial Pacific, −d〈T¯〉E
dx
, calculated for the HadCM3 ensemble are
shown in figure 4.3.9. The zonal advective feedback increases under climate change
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and here the response of the individual components will be examined in order to
investigate this behaviour.
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Figure 4.3.9: Zonal advective feedback, ZA, and components, βu, µa and
dT
dx
calcu-
lated for the HadCM3 ensemble calculated for 30 year time intervals staggered every
10 years. Each thin line represents a single HadCM3 ensemble member (coloured
by perturbation type, red for atm., blue for oce.) with the thick lines representing
ensemble means. Dashed black horizontal lines show the value found for the re-
analysis data with grey shading showing error range. Significant (difference greater
than natural variability) trends are plotted using solid lines, lines are dashed for
insignificant trends.
Zonal surface wind stress tends to become less responsive to sea surface tem-
perature anomalies under climate change, demonstrated by the decreasing values
of µa (though only seventeen ensemble members show significant negative trends,
tables A.36 and A.37). A decrease in the strength of this coupling is shown with
the ensemble means dropping from 5.7 × 10−3 Pa K−1 and 5.5 × 10−3 Pa K−1 to
5× 10−3 Pa K−1 and 5.1× 10−3 Pa K−1 for atmosphere and ocean ensemble mem-
bers respectively. These are comparatively small changes, a 12% and 7% decrease,
when compared to the change shown by βu, which shows ensemble mean increases of
44% and 32%. The east Pacific mean zonal temperature gradient shows very little
change suggesting this component is the least important to consider when assessing
the response of the zonal advective feedback.
The sensitivity of zonal surface ocean currents to wind stress, βu, is found in
section 3.3.3 to be the dominant component of the zonal advective feedback for
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variations between ensemble members. Figure 4.3.9 shows an increase in βu for
all ensemble members over time (significant positive trends for thirty one ensemble
members) represented by the atmosphere and ocean ensemble means which rise from
3.24 × 108 m Pa−1yr−1 and 3.81 × 108 m Pa−1yr−1 to 4.68 × 108 m Pa−1yr−1 and
5.03× 108 m Pa−1yr−1 respectively. This is the component which shows the largest
response of all three zonal advective components, suggesting that the increased
sensitivity of ocean currents to wind stress anomalies is the main cause for the
stronger zonal advective feedback under climate change.
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Figure 4.3.10: Correlations of the climate change response of zonal advective feed-
back (ZA) and each of its dominant components (βu & µa), y-axis, with the climate
change response of mean climate, x-axis. Mean climate responses used are SST (T),
zonal wind stress (τ), zonal ocean current (u) and upwelling current (w). Area-
average of either Nin˜o 3 or 4 is given by a subscript. Dark blue represents strong
positive agreement between the BJ index and the respective component, Dark red
represents strong negative correlation. Correlations significant at the 95% level are
printed in the relevant squares.
Inter-ensemble variations in the response of ocean currents to wind stress anoma-
lies are shown to be caused by differences in the strength of the mean ocean current
in sections 3.3 and 3.3.3 such that ensemble members with stronger ocean currents
in the Nin˜o 4 area also have a weaker response of ocean currents to wind stress
changes. This suggests the increase in βu found here could be a response to the
reduction of the mean zonal ocean current in the Nin˜o 4 area under global warming
found in section 4.2.1.
Figure 4.3.10 shows the correlations of the HadCM3 climate change response of
the mean climate (x-axis) with the climate change response of the zonal advective
feedback and its dominant components (y-axis) to investigate this. The climate
change response is calculated by taking the difference between the results of the 2046-
2075 and 1986-2015 time periods. There are no statistically significant correlations
between the response of the zonal ocean current to wind stress and the mean climate.
The only significant correlation exists between the response of the sensitivity of trade
winds to SST anomalies and the climate change response of mean Nin˜o 4 wind stress
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(correlation of -0.45, 99% significance) which suggests weakening mean trade winds
under climate change is linked to a weakening sensitivity of wind stress to SST
anomalies.
4.3.3 Thermocline feedback.
The dominant BJ index feedback, the thermocline feedback (shown in equation
3.3.2), weakens under climate change. Time series of the thermocline feedback and
its components, βh, µa and
〈w¯〉E
Hm
, are shown in figure 4.3.11 in order to investigate
possible reasons for this decrease. The sensitivity of the top 300m temperature east-
west Pacific difference (proxy for thermocline slope) to changes in equatorial zonal
wind stress is represented by βh. µa is the sensitivity of zonal wind stress to changes
in east Pacific sea surface temperature, also used to calculate the zonal advective
feedback, and
〈w¯〉E
Hm
represents the influence of mean upwelling current averaged over
the east equatorial Pacific
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Figure 4.3.11: Thermocline feedback, TC, and components, βh, µa and
〈w¯〉E
Hm
calcu-
lated for the HadCM3 ensemble calculated for 30 year time intervals staggered every
10 years. Each thin line represents a single HadCM3 ensemble member (coloured
by perturbation type, red for atm., blue for oce.) with the thick lines representing
ensemble means. Dashed black horizontal lines show the value found for the re-
analysis data with grey shading showing error range. Significant (difference greater
than natural variability) trends are plotted using solid lines, lines are dashed for
insignificant trends.
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The atmosphere and ocean ensemble means of βh show increases of 14 K Pa
−1
and 2 K Pa−1 from 112 K Pa−1 and 127 K Pa−1 respectively. In this case only fifteen
ensemble members show significant (greater than natural variability) positive trends
with thirteen of these being atmosphere perturbation ensemble members, hence the
insignificant ocean ensemble mean increase (tables A.38 and A.39).
Relationships between the thermocline feedback response to climate change and
the response of βh, displayed in figure 4.3.12, vary depending on the ensemble mem-
ber. Some are positively related (ten 95% significant positive correlations) and some
are negatively related (three 95% significant negative correlations) suggesting that
not all ensemble members respond the same to climate change. The only component
that consistently responds to climate change in the same way as the total thermo-
cline feedback is µa which shows significant (99% significance) positive relationships
with the feedback for thirty two ensemble members. It is worth noting that βh is
the component with the largest covariance, as shown in section 3.3.4.
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Figure 4.3.12: Correlations between thermocline feedback and its components (βh,
µa and w¯) calculated for the HadCM3 ensemble over time. Components are on the
y-axis, ensemble members are on the x-axis. Each square represents a correlation
between the response of the component given on the y-axis over time and the re-
sponse of the thermocline for the ensemble member given on the x-axis. Blue shows
a strong negative correlation or covariance with the total feedback, red shows a
strong positive correlation with the feedback
The varying responses of this feedback are confirmed in figure 4.3.13 which shows
the difference in thermocline feedback from 1986-2015 to 2046-2075 plotted against
the differences of βh and µa. Both βh and total thermocline feedback show mixed
responses under climate change. Ensemble members with increasing βh also show
smaller decreases in thermocline feedback or even increases. Ensemble members
which show little change in βh are then dominated by the µa response and lead to
a decreasing thermocline feedback. The majority of ensemble members showing de-
creased βh (note, only two ensemble members show statistically significant negative
trends) feature ocean perturbations, similarly increased βh tends to correspond to
atmospheric perturbations.
The response of βh can be linked to the sensitivity of mean state to climate
change. This is shown in figure 4.3.14 which shows the correlations of the HadCM3
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Figure 4.3.13: The difference of thermocline feedback from 1966-1995 to 2046-2075
on y-axis against the difference of βh (left) and µa (right) from 1966-1995 to 2046-
2075 on x-axis calculated for the HadCM3 ensemble. Each point represents a single
ensemble member. Covariances and correlations are printed on the plot.
climate change response of the mean climate (x-axis) with the climate change re-
sponse of the thermocline feedback and its dominant components (y-axis). The
climate change response of the sensitivity of the thermocline slope to wind stress
anomalies, βh, is positively correlated with the response of Nin˜o 4 mean sea surface
temperature (correlation of 0.49) and zonal wind stress (correlation of 0.43). This
implies that ensemble members which show more warming and larger weakening of
trade winds under climate change are the ensemble members which show the larger
increases in βh.
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Figure 4.3.14: Correlations of the climate change response of the thermocline feed-
back (TC) and each of its dominant components (βh & µa), y-axis, with the climate
change response of mean climate, x-axis. Mean climate responses used are SST (T),
zonal wind stress (τ), zonal ocean current (u) and upwelling current (w). Area-
average of either Nin˜o 3 or 4 is given by a subscript. Dark blue represents strong
positive agreement between the BJ index and the respective component, dark red
represents strong negative correlation. Correlations significant at the 95% level are
printed in the relevant squares.
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The response of wind stress feedback (µa) also shows a negative relationship
with the response of mean Nin˜o 4 zonal surface wind stress (correlation of -0.45)
such that weakening zonal winds are linked to a weakening equatorial Pacific wind
stress feedback. This can be explained by examining the shifts in circulation in
response to warmer climate. Initially the wind stress feedback spans the basin as
the ascending branch of the Walker circulation is located far west. As temperatures
warm ascent shifts eastward (shown by weakening trade winds) and leading the
wind stress response to SST anomalies to be located closer to the central Pacific
and span less of the equatorial Pacific, resulting in a basin-wide decrease in wind
stress sensitivity. Therefore, ensemble members which show a strong decrease in
wind stress also show a larger decrease in µa, shown by the negative correlation in
figure 4.3.14.
Generally, ensemble members which show a smaller (or insignificant) response
in βh under climate change are those which show a smaller thermocline feedback
climate change response. These ensemble members have a thermocline feedback
response which is then dominated by the µa response, thus leading to a weakening
feedback. The opposite is true for ensemble members which show larger increases
in βh. This suggests the dominating component of the response changes depending
on ensemble member.
4.4 Summary & Discussion
4.4.1 Summary
What is the projected global warming response of the Pacific ocean and
ENSO in the HadCM3 ensemble?
• Significant warming occurs across the equatorial Pacific (all ensemble mem-
bers show response greater than standard deviation of SST in the 1896-1985),
particularly strongly in the east and central areas. However, other mean cli-
mate responses such as weakening trade winds, ocean currents and decreased
heat flux are not outside the range of natural variability.
• ENSO related variability is shown to significantly increase in section 4.2.2.
Heat flux variability in particular shows an increase in the central Pacific
altering the heat flux variability spatial pattern (figure 4.2.5). Significant
increases in Nin˜o 3 area-averaged heat flux variability are shown by thirty one
ensemble members (figure 4.2.6).
• Despite increasing ENSO amplitude, the ensemble’s BJ index decreases sig-
nificantly over time for twenty one ensemble members, seen in section 4.3
144
(figure 4.3.1), suggesting ENSO is becoming more damped, in contrast to an
increasing ENSO amplitude.
• The BJ index response is mainly caused by a large increase in the strength of
thermodynamic damping (significant decreases for thirty ensemble members).
The ensemble mean of the strongest positive feedback, the thermocline feed-
back, decreases under climate change. The remaining two positive feedbacks,
the zonal advective feedback and the Ekman feedback, show increases (signifi-
cant for twenty four and thirty one ensemble members respectively) such that
the zonal advective feedback and thermocline feedback become more similar
in strength (figure 4.3.2).
What causes the responses of ENSO feedbacks to global warming seen in
the HadCM3 ensemble?
• An investigation into the responses of the two dominating thermodynamic
components, shortwave flux feedback and latent heat flux feedback, to global
warming finds that the shortwave flux feedback is largely responsible for the
stronger thermodynamic damping. Shortwave damping shows the largest in-
creases in strength, twenty nine ensemble members showing significantly in-
creased shortwave damping, compared with other components.
• The response of the zonal advective feedback is shown to be mainly caused
by increased sensitivity of zonal ocean currents to wind stress anomalies (βu,
significantly increasing for thirty one ensemble members) which is also the
dominating component for inter-ensemble variations (figure 3.3.10).
• The thermocline feedback is mainly influenced by the sensitivity of the thermo-
cline slope to wind stress anomalies (βh), which shows mixed responses under
climate change, and by the sensitivity of surface wind stress to SST anomalies
(µa), which tends to weaken under climate change (significant decreases for
seventeen ensemble members) . The response of both components is linked to
mean zonal wind stress where ensemble members which show a larger decrease
in wind stress show larger increases in βh (figure 4.3.14).
4.4.2 Discussion
The increasing shortwave flux feedback in response to warmer sea surface tempera-
tures in the central Pacific, found to be the cause of the thermodynamic damping
response, may be a result of increased deep convection in this area during El Nin˜o
events (e.g. Ramanathan and Collins, 1991). This means less shortwave radiation
reaches the surface during this time creating a stronger shortwave damping on the
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sea surface temperatures there. Previously, this behaviour was largely confined to
the Nin˜o 4 area but warming temperatures cause an eastward movement of this
damping regime of the shortwave flux feedback. This results in the large increase of
the strength of thermodynamic damping on east Pacific sea surface temperatures.
This theory is further investigated in chapter 5.
While the response of the zonal advective feedback can be attributed to an
increasing sensitivity of ocean currents to surface wind stress, the exact cause of
this response is unknown as no significant relationships between the βu response
and changing mean climate were found (figure 4.3.10). Kim et al. (2013) suggest
that the strength of βu can be linked to mean zonal surface winds and upper ocean
temperature in the equatorial Pacific in coupled models and suggest upper ocean
stratification may have an impact on zonal ocean current sensitivity to wind stress.
While only weak positive relationships between the climate change response of βu
and the response of the mean Pacific climate have been found here there has been
little quantification of upper ocean stratification which may be a key factor of the
βu response.
Decreasing thermocline feedback response is largely the result of a decreasing
wind stress sensitivity. However, ensemble members with significantly increasing
βh result in weaker (and sometimes insignificant) thermocline feedback responses
(figure 4.3.13). These tend to be the ensemble members which had the strongest
mean surface wind stress and zonal ocean currents prior to global warming and
are generally the members which feature atmosphere perturbations. Therefore, the
response of the thermocline slope to wind stress anomalies is relatively unaffected
by small changes in mean wind stress but increases for ensemble members which
show a larger wind stress response to climate change. Weakened mean westward
wind stress also results in a flatter mean thermocline as it deepens in the east. Both
of these changes have been found to cause an increased intensity of the thermocline
slope response to wind stress anomalies (Kim et al., 2014). The diversity of the
responses shown by different ensemble members suggests that the initial mean state
of the climate here has an impact on projected thermocline feedback in a warming
climate.
Results found here suggest that use of the BJ index alone as a measure of ENSO
behaviour may not be ideal when one component dominates the response, as is the
case here with thermodynamic damping. Analysis of the individual components
and their contributions may be required in order to interpret results given by the
BJ index. As noted in the previous section, it is also known that non-linearities
in the ENSO feedbacks assessed here exist which are overlooked by the assumption
of linearity in the BJ index and can impact the accuracy of the analysis (Graham
et al., 2014; Lloyd et al., 2012).
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5 Heat fluxes and the mean equatorial Pacific cli-
mate
5.1 Introduction.
Given results discussed in the previous chapter on thermodynamic damping biases
and climate change responses, this chapter focusses on further investigation into the
reason behind the behaviour found. In particular, latent heat flux and shortwave
damping biases are examined in relation to mean climate biases. Feedback decom-
position is implemented to investigate possible mechanisms behind the biases. The
questions aimed to be answered are:
• What are the causes of the weak latent heat flux damping and how
are these related to the mean Pacific climate in the HadCM3 en-
semble?
• What causes the inter-ensemble diversity and strong climate change
response of shortwave damping?
Chapter 3 hypothesised that cold tongue biases which can cause precipitation
and cloud cover biases are a possible reason for the thermodynamic damping biases.
The first section of this chapter investigates the representation of precipitation by
the ensemble and its response in a warmer climate.
Section 5.3 then goes on to investigate latent heat flux feedback bias and its
relation to mean climate in more detail in an attempt to answer the first of the
research questions. The response of humidity to SST is assessed as humidity is
generally suggested to be the dominant component of latent heat flux (Congbin
et al., 1992; Lin, 2007). A decomposition of latent heat flux into humidity and wind
stress components is also outlined before an investigation into the links latent heat
flux feedback holds with the equatorial Pacific climate.
In section 5.4 the strong inter-ensemble and climate change responses of short-
wave damping to sea surface temperatures is compared with precipitation in the
Nin˜o 3 and Nin˜o 4 areas in answer to the second research question.
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5.2 HadCM3 Precipitation.
Mean precipitation is suggested to be connected to latent heat flux and shortwave
flux in the equatorial Pacific (see section 3.3.2) so here precipitation in the HadCM3
ensemble in the present day simulation and in a warming climate is investigated.
5.2.1 Precipitation bias.
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Figure 5.2.1: a): Area-averaged mean precipitation for the HadCM3 ensemble over
1986-2015. CMAP mean precipitation are shown by horizontal black lines with grey
shading showing +/- 1 mbb error. Min and max ensemble errors are shown by
bars at the top of figure. b): Filled contour plots of mean precipitation for CMAP
data (top), HadCM3 ensemble mean, 1986-2015 (middle) and the difference between
them (bottom). Nin˜o 3 and Nin˜o 4 boxes are shown using solid black lines. The
Nin˜o 3.4 box is shown by dashed black lines. Stippling show areas where 70% of
ensemble members are within ensemble mean +/- 1 s.d.
The ensemble shows varied biases in precipitation along the equator. In the east
Pacific (Nin˜o 3) ocean perturbation ensemble members have conditions which tend
to be wet when compared with CMAP data with ten of sixteen ensemble members
showing values significantly (mean precipitation lies outside observed +/- 1 moving
block bootstrap error range) larger the CMAP value of 1.6 ± 0.16 mm day−1. The
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Figure 5.2.2: Standard deviation of precipitation anomalies for CMAP data (top),
HadCM3 ensemble mean, 1986-2015 (middle) and the difference between them (bot-
tom). Nin˜o 3 and Nin˜o 4 boxes are shown using solid black lines. The Nin˜o 3.4 box is
shown by dashed black lines. Stippling show areas where 70% of ensemble members
are within ensemble mean +/- 1 s.d.
ensemble member with the most precipitation has a Nin˜o 3 value of 2.9 mm day−1,
almost double the CMAP precipitation. In contrast, the Nin˜o 4 area tends to be
dry for the majority of atmosphere perturbation ensemble members (ten atmosphere
ensemble members significantly drier). The atmosphere ensemble mean (+/- 1. s.d.)
Nin˜o 4 precipitation is 4.87 ± 0.55 mm day−1 compared with the CMAP Nin˜o 4
precipitation of 4.91± 0.31 mm day−1.
HadCM3 ensemble mean precipitation in the equatorial Pacific in comparison
to CMAP data are given in figure 5.2.1 b). Here it is shown that generally the
spatial pattern of HadCM3 precipitation in 1986-2015 is similar to that shown in
the CMAP plot. There are areas of strong precipitation in higher latitudes and
in the SPCZ (south west of the equator), with higher levels of model agreement
in these areas (stippling shows over 70% of the ensemble lie within 1 s.d. of the
ensemble mean shown). As might be expected given the cooler SSTs along the
equator found in chapter 3 (figure 3.2.1) the equatorial Pacific is slightly drier in
the west than observed, however the west Pacific shows lower levels of ensemble
149
agreement suggesting diverse spatial distribution of precipitation in the ensemble.
Precipitation in the SPCZ also shows a positive bias, being slightly too strong and
overextending to the south.
Figure 5.2.2 shows the spatial distribution of the standard deviation of equatorial
Pacific precipitation anomalies. Precipitation anomalies largely occur in the Nin˜o 4
area, signifying the eastward movement of ascent due to warmer conditions, weaker
trade winds etc. during El Nin˜o events. The warmer temperatures during El Nin˜o
events typically cause movement of the SPCZ towards equator by a few degrees
(Vincent, 1994) which contributes to the central Pacific precipitation variability as
shown by the CMAP data. The HadCM3 ensemble mean shows strong variability
around the SPCZ area (with less model agreement) though there is also weak vari-
ability in the east Pacific (region shows over 70% of ensemble members within the
ensemble mean +/- 1 s.d.), possibly due to variability occurring more strongly in
off-equatorial regions.
5.2.2 Precipitation under climate change.
Timeseries over 1896-2065 of Nin˜o 3 and Nin˜o 4 mean precipitation for the HadCM3
ensemble are shown in figure 5.2.3. Precipitation shows increases across the equato-
rial Pacific though for most ensemble members (twenty eight in Nin˜o 3, thirty one
in Nin˜o 4) these increases are not above the natural variability (calculated by stan-
dard deviation of 1896-1985 time period) of precipitation. Precipitation increases by
slightly more in the wetter west Pacific with the Nin˜o 4 ensemble means increasing
by 2.1 mm day−1 for atmosphere ensemble members and 1.48 mm day−1 for ocean
ensemble members from the 1986-2015 values of 3.98 mm day−1 and 4.87 mm day−1
respectively. In comparison, the ensemble means of Nin˜o 3 mean precipitation rise
by 1.03 mm day−1 and 1.58 mm day−1 respectively.
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Figure 5.2.3: Timeseries plots of HadCM3 mean precipitation in the Nin˜o 3 (left)
and Nin˜o 4 (right) areas. Single ensemble members are plotted in grey, the ensemble
mean is plotted in red and the value calculated using CMAP data is shown by the
horizontal dashed black line.
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The HadCM3 ensemble mean precipitation for 1986-2015 and 2046-2075 in the
equatorial Pacific are shown in figure 5.2.4. The spatial pattern of precipitation looks
relatively similar for both time periods but the difference plot shows a drying in the
far west equatorial Pacific and along the SPCZ, some of the wetter areas, as well as
increased precipitation in the drier central Pacific. This suggests a slight eastward
shift of precipitation to the Nin˜o 4 area and possibly an equatorward movement of
the SPCZ. Note that the changes shown do not exceed the natural variability of
precipitation in the equatorial Pacific.
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Figure 5.2.4: Mean precipitation for the HadCM3 ensemble mean, 1986-2015 (top),
the HadCM3 ensemble mean, 2046-2075 (middle) and the difference between them
(bottom). Nin˜o 3 and 4 boxes are shown using solid black lines. The Nin˜o 3.4 box
is shown by dashed black lines. Stippling shows areas where the difference is larger
than natural variability.
Responses are also slightly different between ensemble members which is not
obvious when assessing the ensemble mean response. By dividing the response into
atmosphere perturbation and ocean perturbation ensemble members the precipita-
tion response can be shown as a combination of a west Pacific (Nin˜o 4) response
shown by atmosphere perturbation ensemble members and a central Pacific (Nin˜o
3.4) response shown by ocean perturbation ensemble members.
Ocean perturbation ensemble members are wetter in 1986-2015 in the Nin˜o 4
region than the atmosphere perturbation members shown in figure 5.4.1 and discus-
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Figure 5.2.5: a): Mean precipitation for the HadCM3 atmosphere perturbation en-
semble members mean for 1986-2015 (top), 2046-2075 (middle) and the difference
between them (bottom). b): Mean precipitation for the HadCM3 ocean pertur-
bation ensemble members mean for 1986-2015 (top), 2046-2075 (middle) and the
difference between them (bottom). Nin˜o 3 and 4 boxes are shown using solid black
lines. The Nin˜o 3.4 box is shown by dashed black lines. Stippling shows areas where
difference is larger than natural variability.
sion. This impacts the precipitation response as the eastward movement of precipi-
tation for the wetter ensemble members results in a change in Nin˜o 3.4 precipitation
rather than the Nin˜o 4 response shown by drier ensemble members. (‘wetter’ en-
semble members typically correspond to ensemble members which initially have a
precipitation maximum located further east and possibly an SPCZ/ITCZ located
closer to the equator)
5.3 Thermodynamic damping components: latent heat flux
feedback.
5.3.1 Latent heat flux feedback bias.
Latent heat flux is the heat lost at the surface due to evaporation and provides a
negative feedback on SST in the equatorial Pacific, introduced in section 1.3.3, and
which will be discussed in further detail here.
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The latent heat flux damping rate, αLH , is found by regressing east Pacific latent
heat flux anomalies against SST anomalies averaged over the east Pacific where:
〈QLH〉E = αLH 〈T 〉E . (5.3.1)
〈 〉E represents area-averaged seasonal anomalies over longitude 180◦E - 280◦E
and latitude -5◦ - 5◦ and T is sea surface temperature. See section 2.2.3 for further
details. An addition of a flux adjustment component to latent heat flux damping
rate (α′LH) is also used (see section 2.2.6) such that:
α′LH = αLH − βFA (5.3.2)
where βFA is proportional to the mean flux adjustment used in the ensemble mem-
ber. α′LH is used to test if the flux adjustment in the ensemble impacts results as
some results can be highly correlated with the strength of the flux adjustment used.
Latent heat flux is influenced by wind speed and near surface humidity difference
(see section 1.3.3). The representation of latent heat flux damping and its wind speed
and humidity components in AMIP models has been investigated by Lloyd et al.
(2010) and Lin (2007) with the idea that identification of biases in these components
can be used to improve simulation in coupled models (CMIP3). Both find varying
representations of latent heat flux damping in CMIP3 and AMIP models, which Lin
(2007) suggests could be linked to the common cold tongue bias found in models.
The AMIP latent heat flux damping biases are attributed largely to near surface
humidity difference biases, though Lloyd et al. (2010) also notes the influence of the
strength of the wind speed-SST response on latent heat flux damping.
In chapter 3, latent heat flux damping is found to be weak in the HadCM3 per-
turbed physics ensemble (see figure 5.3.1) and is one of the largest sources of error
for thermodynamic damping. Figures 5.3.1 a) and b) show the east Pacific latent
heat flux damping both with flux adjustment ‘correction’ (α′LH , see section 2.2.6)
and without (αLH) for the HadCM3 ensemble over 1986-2015. Latent heat flux
damping for just the atmosphere perturbation ensemble members (without correc-
tion) is also shown in figure 5.3.1 c) as humidity components are only calculated for
these ensemble members, shown in figure 5.3.3 due to availability of data. The dif-
ference between ‘corrected’ and raw latent heat flux damping is clear in this figure.
The strength of the corrected latent heat flux damping (α′LH) is somewhat weaker
than that shown by the raw latent heat flux damping strength (αLH), particularly
for ocean perturbation ensemble members with ocean ensemble member means of
0.78±0.15 yr−1 for α′LH and 1.08±0.18 yr−1. This highlights an issue with the sim-
ple linear flux adjustment component implemented where biases in the full damping
component may be hidden or emphasised.
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Figure 5.3.1: a): α′LH (the strength of latent heat flux damping with heat flux ad-
justment correction applied) for the HadCM3 ensemble over 1986-2015. OAFlux
αLH is shown by a horizontal black line with shading showing 95% linear fit confi-
dence interval. The diamond shows the ensemble mean with error bars of 1 standard
deviation. Points are coloured by ensemble member perturbation type, red for at-
mosphere, red for ocean. b): Same as a) with HadCM3 raw data (uncorrected)
latent heat flux damping strength (αLH). c): Same as a) with HadCM3 atmosphere
perturbation ensemble members raw data (uncorrected) latent heat flux damping
strength (αLH). Min/max ensemble errors are given at the top of figure.
When examining individual ensemble members for αLH , twenty three ensemble
members fall significantly below the OAFlux value of 1.11 ± 0.07 yr−1 (errors cal-
culated using 95% linear fit confidence interval), with the lowest value being almost
half the strength. The atmosphere perturbation ensemble members are all signifi-
cantly weaker than the observed value, with an atmosphere member ensemble mean
of 0.8±0.11 yr−1 and is significantly weaker than the ocean ensemble member (99%
significant by student’s t-test).
Latent heat flux damping (αLH) for OAFlux data and the HadCM3 ensemble
mean in the equatorial Pacific is shown in figure 5.3.2. Latent heat flux damping
is strongest in the far west and east equatorial Pacific and is weaker in the central
equatorial Pacific. In regions off the equator the feedback also tends to be weaker
and can sometimes be a positive feedback, such as in the area south of the Nin˜o 4
region. The HadCM3 ensemble mean does not replicate the area of strong latent
heat flux damping in the west Pacific shown by the OAFlux data well (with 70% of
ensemble members within the ensemble mean +/- 1 s.d.) and also does not show
the stronger values in the east Pacific (lower levels of ensemble agreement). Instead
latent heat flux damping is focused along the equator throughout the Nin˜o 3 and
Nin˜o 4 regions with a smaller (than the OAFlux data) maximum located slightly
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Figure 5.3.2: a): Latent heat flux damping (−αLH) for OAFlux data (A) b): Filled
contour plots of 1986-2015 HadCM3 ensemble mean latent heat flux damping (−αLH ,
B) and the difference between this and figure a) (B-A). c): 1986-2015 HadCM3
ensemble mean corrected latent heat flux damping (−α′LH , C) and the difference
between this and figure a) (C-A). Nin˜o 3 and 4 boxes are plotted using solid black
lines. The Nin˜o 3.4 box is plotted by dashed black lines. Stippling shows areas
where 70% of ensemble members are within ensemble mean +/- 1 s.d.
west of the Nin˜o 4 region. The areas of positive latent heat flux feedback are also
more prominent south of the equator. The difference plot shows a positive bias in
the SPCZ with regions of higher ensemble agreement.
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5.3.2 Latent heat flux feedback: humidity feedbacks
In order to find possible causes of the latent heat flux damping biases the sensitivity
of near surface humidity to sea surface temperature anomalies in the east Pacific are
calculated (shown in figure 5.3.3 for the HadCM3 ensemble) and compared with the
OAFlux results. For more information on these components see equations 2.2.22
- 2.2.25 and their description. The sensitivity of sea surface saturation specific
humidity to SST anomalies (αq∗), the sensitivity of near surface specific humidity
to SSTAs (αq) and the difference between them (α∆q) are shown.
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Figure 5.3.3: Sensitivity of near surface specific humidity difference, α∆q, saturated
surface specific humidity, αq∗ , and near surface specific humidity, αq (left to right re-
spectively) for the HadCM3 atmosphere perturbation ensemble members over 1986-
2015. Sensitivities calculated using OAFlux data are shown by a horizontal black
line with shading showing 95% linear fit confidence interval. The diamond shows the
ensemble mean with error bars of 1 standard deviation. Min/max ensemble error
are shown at the top of the figure.
Humidity sensitivities are weak when compared to OAFlux results for the ma-
jority of atmosphere ensemble members however the magnitude of bias tends to be
small. The sensitivity of near-surface specific humidity difference to SST anomalies
(α∆q) has an ensemble mean of 0.47±0.04 g kg−1K−1. Thirteen of seventeen ensem-
ble members are significantly below the OAFlux value though the ensemble mean
is near to the OAFlux value (0.50 g kg−1K−1) which lies within the +/- 1 standard
deviation error. The sensitivities of sea surface saturation specific humidity and near
surface specific humidity to SST anomalies (αq∗ and αq respectively) are also weak
in the majority of atmosphere perturbation ensemble members. All atmosphere per-
turbation ensemble members show a significantly weak αq∗ and thirteen show a weak
αq value compared to the OAFlux values, though once again these biases are not
large when compared to the magnitude of the latent heat flux damping biases. Only
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the αq∗ ensemble mean (1.24± 0.03 g kg−1K−1) is significantly lower than OAFlux
(0.79± 0.02 yr−1).
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Figure 5.3.4: Sensible humidity difference anomalies regressed against SST anoma-
lies (α∆q) for OAFlux data (top), HadCM3 ensemble mean (middle) and the differ-
ence between them (bottom). Nin˜o 3 and 4 boxes are shown using solid black lines.
The Nin˜o 3.4 box is shown by dashed black lines. Stippling shows areas where more
than 70% of ensemble members are within ensemble mean +/- 1 s.d.
The spatial pattern of HadCM3 near surface specific humidity difference sensi-
tivity (α∆q) in figure 5.3.4 shows slightly similar characteristics to the latent heat
flux damping such as strong sensitivity in the west Pacific (and the north east). The
difference plot shows that generally the HadCM3 ensemble shows weak sensitivity
in the far west, south east and off equator areas and strong sensitivity in parts of
the central Pacific, similar to the total latent heat flux biases. In comparison to
the relative magnitude of the latent heat flux damping biases, the differences in the
HadCM3 α∆q compared to the OAFlux result seem small. This suggests humidity
component biases may not be the main cause of the generally weak latent heat flux
damping shown by the ensemble. The ensemble shows large regions of ensemble
agreement across the equatorial Pacific showing little inter-ensemble diversity in the
humidity difference feedback spatial pattern.
Similarly, contour plots of αq and αq∗, given in figure 5.3.5, show slight biases
along the equator. In the case of αq there is a larger positive bias in the far west
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Figure 5.3.5: a): Near surface sensible humidity regressed against SST anomalies
(αq) for OAFlux data (top), 1986-2015 HadCM3 ensemble mean (middle) and the
difference between them (bottom). b): Same as a) but with surface saturated
humidity anomalies regressed against SST anomalies (αq∗). Nin˜o 3 and 4 boxes
are shown using solid black lines. The Nin˜o 3.4 box is shown by dashed black
lines. Stippling shows areas where more than 70% of ensemble members are within
ensemble mean +/- 1 s.d.
Pacific (with over 70% of ensemble members within the ensemble mean +/- 1 s.d.),
a stronger sensitivity of near surface specific humidity to SST anomalies, which is
reflected in the α∆q bias shown in figure 5.3.4.
While these results suggest that the specific humidity component of latent heat
flux damping, the thermodynamical component, may not be the sole cause of the
weak latent heat flux damping, it is still unknown if inter-ensemble variance of
humidity sensitivity is the main cause of the spread in the strength of latent heat
flux damping.
Figure 5.3.6 shows the relationship of raw latent heat flux damping (αLH) with
the humidity feedbacks, in order to investigate the impact humidity response has
on inter-ensemble latent heat flux damping differences. Interestingly, relationships
shown are weak, though near surface specific humidity sensitivity (αq) shows a
negative relationship with total latent heat flux damping (αLH) significant at the
95% level. This is not reflected in the relationship between near surface specific
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Figure 5.3.6: a): αLH (strength of latent heat flux damping, y axis) against the
sensitivity of surface saturated humidity to SSTAs (αq∗ , x axis) for the standard and
atmosphere perturbation HadCM3 ensemble members. Dots are HadCM3 ensemble
members, the cross is the result calculated using OAFlux data. Fitting line is shown
based on the significance of the correlation. Solid lines show a 99 % significant
relationship, dashed lines show a 95% significant relationship and relationships lower
than 95% are unplotted. b): Same as a) but with near surface sensible humidity
(αq) on the x axis. c): Same as a) but with near surface sensible humidity difference
(α∆q) on the x axis.
humidity difference (α∆q) due to the weak (insignificant at 90% level) correlation
of -0.24 between sea surface saturation specific humidity sensitivity αq∗ and latent
heat flux damping αLH .
This further suggests that other components of latent heat flux, namely surface
wind speed, may be a cause of latent heat flux damping biases in this ensemble.
Analysis discussed in previous chapters (chapter 3) finds that mean surface zonal
wind stress and surface zonal ocean currents are overly strong (figure 3.2.3) which
results in weak wind stress and ocean current variability (figure 3.2.6). It is possible
this signifies biases in wind speed which then impact latent heat flux.
Relating the individual responses of winds and humidity difference anomalies to
latent heat flux damping is not ideal as latent heat flux is a result of a non-linear in-
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teraction of both of these. Therefore, the following section outlines a decomposition
of latent heat flux taking this into account.
5.3.3 Latent heat flux feedback: decomposition
Here the QLH anomaly is decomposed into a humidity anomaly component of the
latent heat flux anomaly (wind speed anomaly is ‘suppressed’ as in Lloyd et al.
(2010)) and a wind speed anomaly component (humidity anomaly is suppressed).
Note, there is also a third component made up of both humidity and wind speed
anomalies but this is comparatively small. See section 2.2.4 for full decomposition
details. Reproducing the latent heat flux using the bulk formula in this way results
in a discrepancy between the model output of latent heat flux and the calculated
latent heat flux. There are a few reasons why this may be the case. The first
is that the bulk formula calculation is carried out under the assumption that the
turbulent exchange coefficient used in the formula can be taken as constant, which
is the case for most of the time, however at lower wind speeds the value of this
coefficient increases, as shown by Zhang and McPhaden (1995). Therefore, at higher
temperatures this assumption can break down and result in an inaccurate latent heat
flux calculation. Secondly, the way in which variables are archived can mean that
calculating from model output produces a different result from the archived heat
flux. Alexander and Scott (1997) suggest that subroutines which affect atmospheric
variables after heat fluxes are computed and the differences in the storage of heat
fluxes and atmospheric variable (daily averages vs instantaneous model time step)
both may impact the calculation of latent heat flux using the bulk formula.
Due to data availability for the HadCM3 ensemble a full decomposition of this
nature using wind speed (consisting of both zonal and meridional surface winds) is
not possible. Because of this, the decomposition using wind speed from ERA40 is
compared with the same decomposition using zonal surface wind stress from ERA40
as a proxy for wind speed (given a correlation of -0.95 between wind speed anomaly
and wind stress anomaly). Time series over a 17 year time period of this decompo-
sition are given in figure 5.3.7.
In the first decomposition using the full wind speed the humidity difference
anomaly component is shown to be the driving component of latent heat flux anoma-
lies with increasing humidity difference as SSTs increase and increasing the latent
heat flux. The wind speed anomaly component is a negative component with nega-
tive anomalies (due to weakening winds) in response to the increasing temperature,
thereby reducing latent heat flux. However, the strength of these anomalies are
smaller when compared to the humidity difference anomalies.
The second version of the decomposition uses surface zonal wind stress instead
of surface wind speed. As such signs of components are reversed (as a positive zonal
160
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Figure 5.3.7: Reanalysis SSTAs, latent heat flux anomalies and bulk formula cal-
culations for latent heat flux using surface wind speed (2nd figure from bottom)
and wind stress (bottom). Solid lines indicate values given by model output (for T
and QLH , dashed lines show calculated latent heat flux, red lines show calculated
humidity anomaly component (winds are suppressed) and blue lines show calculated
wind anomaly component (humidity suppressed)
wind stress anomaly corresponds to weakening surface winds) and scales are different
due to the difference in units (Pa for wind stress and m s−1 for wind speed). Despite
these differences the humidity anomaly component is also the dominant driver for
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latent heat flux anomalies. However, the wind stress component timeseries appear
larger in strength relative to humidity difference anomalies than for the wind speed
decomposition, particularly at higher temperatures.
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Figure 5.3.8: a) Reanalysis (ERA40/OAFlux) bulk formula calculated latent heat
flux (using wind speed) anomalies (y axis) against reanalysis given latent heat flux
(x axis). b) same as a) but with calculation using wind stress. Correlations between
the two are printed on the figure. 99% significant relationships shown by solid black
line.
Figure 5.3.8 compares the calculated QLHAs using the bulk formula with surface
wind speed and surface zonal wind stress as a proxy for wind speed (using reanalysis
data). A correlation of 0.86 is found between the latent heat flux anomaly calculated
using the bulk formula with surface wind speed suggesting a good approximation
of the given OAFlux latent heat flux. This is reduced to -0.62 (again the sign is
reversed due to the difference in signs for wind stress and wind speed) for use of the
bulk formula with wind stress as a proxy for surface wind speed. This suggests the
use of wind stress rather than wind speed may result in a less accurate representation
of latent heat flux anomaly components.
Figure 5.3.9 assesses the relationship between the given latent heat flux anomaly
and the humidity anomaly and wind anomaly components calculated using both
surface wind stress and surface wind speed. Figure 5.3.9 a) confirms the dominance
of humidity anomalies with a correlation of 0.95 found between the humidity differ-
ence anomaly (calculated using the full wind speed) and the OAFlux latent heat flux
anomaly. Despite the apparent decreased accuracy of the calculated latent heat flux
anomaly when using wind stress as a proxy for wind speed, the correlation between
the humidity anomaly component (calculated using wind stress) and the latent heat
flux anomaly is unchanged from the calculation using wind speed, with a correla-
tion of -0.95 shown in figure 5.3.9. Wind anomaly components calculated using both
wind speed and wind stress both show insignificant (at 90% level) correlations with
latent heat flux anomaly.
While there are differences in the representation of the latent heat flux anomaly
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Figure 5.3.9: a) Reanalysis (ERA40/OAFlux) bulk formula calculated humidity
anomaly component (using wind speed, y axis) against reanalysis given latent heat
flux (x axis). b) Same as a) but with calculation using wind stress. c) Same as
a) but with wind speed anomaly component d) Same as c) but calculated using
wind stress. Correlations between the two are printed on the figure. 99% significant
relationships shown by solid black line.
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Figure 5.3.10: Correlations of the calculated latent heat flux anomaly (QLHcA) for
HadCM3 ensemble and the humidity component (C1) and wind component (C2),
y-axis, with the model output latent heat flux anomaly, x-axis. Dark blue represents
strong positive agreement between the BJ index and the respective component, dark
red represents strong negative correlation. Correlations significant at the 95% level
are printed in the relevant squares.
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when using wind stress or wind speed the impact this has when investigating the
relationship between components and the full latent heat flux anomaly seems small
when using reanalysis data. Figure 5.3.10 goes on to correlate the bulk formula
calculation using wind stress of latent heat flux anomaly and components with the
modelled latent heat flux for the atmosphere perturbation ensemble members of
HadCM3. Correlations of the calculated latent heat flux anomaly with the mod-
elled QLHA tend to be around 0.7-0.8 with only two ensemble members showing
correlations below 0.4. Once again humidity anomalies are shown to dominate the
latent heat flux anomaly with all ensemble members showing positive correlations
above 0.7.
Figure 5.3.11 a) shows that the response of the humidity difference anomaly
component to east Pacific sea surface temperature anomalies shows no consistent
significant biases in the HadCM3 ensemble (all but two ensemble members lie within
the observed αLHc1 +/- 95% linear fit confidence interval). In contrast, thirteen
ensemble members show wind stress anomaly components significantly larger than
the OAFlux/ERA40 wind stress anomaly component 0.022±0.015 W kg m−4s−1K−1
This suggests that a strong wind speed component is a possible reason for the weak
latent heat flux damping for these ensemble members. A stronger wind response to
SST anomalies means weaker winds during El Nin˜o, therefore reducing the latent
heat flux anomaly generated by the dominating humidity difference anomaly.
An important note to make about the results given here is that if the calcu-
lated latent heat flux anomaly regressed against sea surface temperature in the east
Pacific, giving a ‘bulk’ latent heat flux damping, is compared with the modelled
latent heat flux damping an insignificant correlation of 0.08 is found. This calls into
question the use of the decomposition (using wind stress as a wind speed proxy) to
make solid conclusions about inter-ensemble latent heat flux differences so results
here are by no means conclusive but have been provided for completeness.
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Figure 5.3.11: a) Sensitivity of humidity anomaly component, αLHc1, and b) wind
speed, αLHc2 for the HadCM3 atmosphere perturbation ensemble members over
1986-2015. Sensitivities calculated using OAFlux data are shown by a horizontal
dashed red with red shading showing 95% linear fit confidence interval. The black
dashed line shows the ensemble mean with grey shading of 1 standard deviation.
Error bars show 95% confidence interval.
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5.3.4 Relationships between latent heat flux feedback and Pacific cli-
mate.
Here the relationships between thermodynamic damping and humidity sensitivity
with the mean Pacific climate are investigated in order to identify possible sources
or impacts of thermodynamic damping biases. Correlations between total thermo-
dynamic damping and the mean Pacific climate were found in section 3.3 so here the
dominant components, shortwave and latent heat flux damping, will be the main
focus. Weaker components of sensible heat flux and longwave damping are not
addressed as they have little impact on total thermodynamic damping.
Figure 5.3.12 shows inter-ensemble correlations between thermodynamic damp-
ing and its components (shown on the y axis) with Nin˜o 3 and Nin˜o 4 area-averaged
time-mean climate (shown on the x axis) for 1986-2015. An inter-ensemble corre-
lation between shortwave damping strength (αSW ) and mean Nin˜o 3 SST (T3) of
0.64. This relationship was mentioned in section 3.3 (figure 3.3.3) and signifies that
ensemble members with warmer mean temperatures often show stronger shortwave
damping in the equatorial Pacific. This may be caused by warmer temperatures
causing a more frequent triggering of deep convection in response to SST anomalies
resulting in a stronger variation of shortwave heat flux. Here, a relationship is also
found between shortwave damping strength and mean precipitation (correlation of
0.42 for Nin˜o 3 precipitation and 0.45 for Nin˜o 4) though this is not as strong as the
relationship between αSW and mean sea surface temperature.
Figure 5.3.12 includes both the raw data latent heat flux damping, αLH , and
the ‘corrected’ latent heat flux damping, α′LH , correlated with mean Pacific climate.
Once again there is a notable difference between the raw and corrected results. Raw
latent heat flux damping shows significant relationships with the mean equatorial
Pacific climate. Ensemble members with a deeper 20◦C isotherm in the west Pacific,
stronger surface zonal trade winds and ocean currents and drier equatorial Pacific
conditions also simulate weak latent heat flux damping and therefore weaker thermo-
dynamic damping. The strongest of these relationships is with precipitation which
has a correlation with αLH of 0.79 and 0.77 for Nin˜o 3 and Nin˜o 4 precipitation
respectively.
However, after the addition of a flux adjustment component these relationships
are somewhat weakened with some relationships becoming insignificant. The corre-
lation between α′LH and mean precipitation is 0.42 for Nin˜o 3 precipitation and is
insignificant for Nin˜o 4 precipitation (correlation of 0.28). Latent heat flux damping
with a flux adjustment component also shows a relationship with mean sea surface
temperature in the equatorial Pacific which did not exist previously (correlations of
0.74 and 0.54 for Nin˜o 3 & 4 T¯ respectively).
The HadCM3 ensemble has strong surface zonal ocean currents (and, to a lesser
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Figure 5.3.12: Correlations of x axis variables against y axis variables for HadCM3
ensemble, 1986-2015 (e.g. in top left αSW correlated with T3. Y axis is thermo-
dynamic damping strength (α) and the latent heat, sensible heat, longwave and
shortwave components (αLH , αSH , αLW and αSW respectively). X axis contains
mean SST, 20◦C isotherm depth, surface zonal wind stress, surface zonal ocean cur-
rent, upwelling ocean current and precipitation (T, z, τ , u, w and pr respectively)
area-averaged over the Nin˜o 3 and 4 areas, denoted by the subscript. Positive cor-
relation are shown by varying shades of red and negative correlations are shown in
blue with correlations significant at the 95% level printed in the relevant grid box.
Grid boxes without a correlation printed in them are insignificant.
extent, strong surface zonal wind stress, see figure 3.2.3), which results in weak
wind stress and ocean current variability in the equatorial Pacific. Here, there are
significant correlations shown between latent heat flux damping and mean zonal
surface wind stress (correlation of 0.73 for Nin˜o 4’ u¯) and mean zonal surface ocean
current (correlation of 0.47 for Nin˜o 4 τ¯). This suggests biases in winds may be
impacting latent heat flux resulting in weak latent heat flux damping.
Figure 5.3.13 a) shows inter-ensemble correlations between mean precipitation
and latent heat flux damping strength (αLH) in the equatorial Pacific. There are
strong positive correlations along the equator in the Nin˜o 3 and Nin˜o 4 areas and
negative correlations off equator, particularly in the SPCZ and to the west of the
Nin˜o 4 area. The correlation contour suggests that ensemble members which have
more precipitation in the far west tend to have a weaker latent heat flux damping.
Conversely, ensemble members which have more precipitation located in the Nin˜o
4 area show stronger east Pacific latent heat flux damping. This strong correlation
with precipitation along the equator results in a strong relationship between mean
Nin˜o 4 precipitation and αLH shown in figure 5.3.15.
When using the addition of a flux adjustment component, this strong correlation
along the equator is noticeably weakened. The contour in figure 5.3.13 b) shows this
and demonstrates that the correlation now peaks in the Nin˜o 3 area, where previ-
ously the relationship was focused in the central equatorial Pacific. The negative
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Figure 5.3.13: a): Correlations of HadCM3 mean precipitation against αLH (1986-
2015). b): Same as a) but for α′LH . Red shows positive correlation, blue shows
negative correlation. Nin˜o 3 and 4 boxes are shown using solid black lines. The
Nin˜o 3.4 box is shown by dashed black lines.
correlation to the north of the equator along the ITCZ, shown in figure 5.3.13 a),
is also absent when considering the corrected latent heat flux damping. However,
there are areas of negative correlation in the far west Pacific and along the SPCZ.
Despite this relationship being weakened this still suggests latent heat flux damping
strength may be linked to precipitation location (weaker for precipitation in the
west, stronger for central Pacific precipitation), assuming that this varies between
ensemble members.
Figure 5.3.14 shows a filled contour of the standard deviation of all HadCM3
ensemble members mean precipitation in 1986-2015 in order to confirm this. This
can then be used as a measure of the inter-ensemble variation in the mean equato-
rial Pacific precipitation. Generally, inter-ensemble variations of mean precipitation
occur most strongly in the Nin˜o 4 region and west of this region. This, in combi-
nation with the correlation plots in figure 5.3.13, suggests that the zonal location
of maximum precipitation in this area varies between ensemble members and then
impacts latent heat flux, or vice versa.
The strong relationship shown by raw latent heat flux damping (αLH) and precip-
itation is further investigated by plotting humidity feedbacks against precipitation
to find if humidity responses are influenced by precipitation strength or spatial pat-
tern. Figure 5.3.15 shows the relationship of αLH and the humidity feedbacks with
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mean precipitation averaged over the Nin˜o 4 area. Note figure 5.3.15 a) contains all
33 ensemble members whereas figures 5.3.15 b) - d) only show the standard ensem-
ble member and atmosphere perturbation ensemble members due to availability of
data.
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Figure 5.3.14: Standard deviation of HadCM3 mean precipitation as a measure of
inter-ensemble variation. Nin˜o 3 and 4 boxes are shown using solid black lines. The
Nin˜o 3.4 box is shown by dashed black lines.
The strong correlation of αLH with mean precipitation lies mainly with the atmo-
sphere perturbation ensemble members. If only taking into account these members
the correlation with mean Nin˜o 4 precipitation is very strong at 0.89. When only
examining the ocean perturbation ensemble members the correlation is relatively
low at 0.47, insignificant at the 95% level. However, ocean perturbation ensemble
members generally tend to be wetter in the Nin˜o 4 area as well as showing stronger
latent heat flux damping than the atmosphere perturbation members which fits the
overall positive correlation found, shown in figure 5.3.15 a) and discussed in section
5.2.
Figures 5.3.15 b) - d) show scatterplots of the humidity feedbacks (αq, αq∗ and
α∆q) with mean Nin˜o 4 precipitation. Recall from figure 5.3.6 that the only humidity
feedback which shows a relationship with total latent heat damping is near surface
sensible humidity sensitivity (αq). Here it is found that this also shows a significant
relationship with Nin˜o 4 mean precipitation with a correlation of -0.63 (significant
at 95% level) implying that drier conditions in the Nin˜o 4 area are linked to an
insufficient response of near surface humidity to SSTAs in the east Pacific.
The suggestion of zonal surface wind stress and zonal surface ocean currents
being linked to latent heat flux damping biases is also investigated in figure 5.3.16
which shows scatterplots of latent heat flux damping (αLH) against mean Nin˜o 4
zonal surface wind stress and ocean currents. The correlation of 0.47 shown between
αLH and mean Nin˜o 4 zonal surface wind stress, implying a stronger wind stress is
linked to a weaker latent heat flux damping, does not hold when considering each
half of the ensemble. Ocean ensemble members show a correlation of 0.09 and
atmosphere ensemble members have a correlation of -0.15 (both insignificant at
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Figure 5.3.15: a): Mean Nin˜o 4 precipitation (x axis) against αLH (strength of latent
heat flux damping, y axis) for the HadCM3 ensemble members. Coloured dots are
HadCM3 ensemble members, the cross is the result calculated using CMAP and
OAFlux data. Fitting line (black for the full ensemble, blue for ocean perturbations
and red for atmosphere perturbations) are over plotted based on the significance of
the correlation. Solid lines show a 99 % significant relationship, dashed lines show
a 95% significant relationship and relationships lower than 95% are unplotted. b):
Same as a) but with near surface sensible humidity difference sensitivity (α∆q) on
the y axis for standard and atmosphere perturbation HadCM3 ensemble members.
c): Same as a) but with near surface sensible humidity sensitivity (αq) on the y
axis for standard and atmosphere perturbation HadCM3 ensemble members. d):
Same as d) but with surface saturated humidity sensitivity (αq∗) on the y axis for
standard and atmosphere perturbation HadCM3 ensemble members.
90% level), however the overall correlation exists due to the tendency of atmosphere
ensemble members to have stronger zonal surface wind stress and weaker latent heat
flux damping (figures 3.2.3 and 5.3.1).
The stronger correlation (0.73) shown between Nin˜o 4’ zonal surface ocean cur-
rent and latent heat flux damping is shown to be largely caused by inter-ensemble
relationships for the atmosphere perturbation ensemble members. Atmosphere en-
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semble members have a strong correlation of 0.77 (99% significance) between αLH
and mean zonal ocean current, however ocean perturbation ensemble members show
an (insignificant) correlation of 0.29. This behaviour implies that one or more atmo-
sphere parameter perturbations are the underlying cause of this relationship, how-
ever the exact perturbations involved in this are unknown as multiple parameters
are perturbed simultaneously (see tables A.1 - A.19).
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Figure 5.3.16: a): Mean Nin˜o 4 zonal surface wind stress (x axis) against αLH
(strength of latent heat flux damping, x axis) for the HadCM3 ensemble members.
b): Same as a) but with mean Nin˜o 4 zonal surface ocean current on the x axis.
Coloured dots are HadCM3 ensemble members, blue for ocean perturbation mem-
bers, red for atmosphere perturbation members. The cross is the result calculated
using CMAP and OAFlux data. Fitting line (black for the full ensemble, blue for
ocean perturbations and red for atmosphere perturbations) are plotted based on
the significance of the correlation. Solid lines show a 99 % significant relationship,
dashed lines show a 95% significant relationship and relationships lower than 95%
are unplotted.
Figure 5.3.17 shows the response of zonal wind stress to SST anomalies calculated
at individual gridpoints over the equatorial Pacific for the SODA reanalysis and
HadCM3 ensemble (Note here that a positive wind stress feedback would correspond
to a negative wind speed feedback). The SODA reanalysis shows a strong positive
feedback in the west Pacific representing the weakening of the zonal winds in this
area in response to positive SST anomalies. The east Pacific shows little feedback
as surface winds are less impacted by the eastward shift of convection in the west
triggered during El Nin˜os.
In comparison the wind stress response in the HadCM3 ensemble tends to be
weaker in the Nin˜o 4 area (lower levels of ensemble agreement here suggest inter-
ensemble diversity) with stronger wind stress anomalies in regions off the equator
and further to the west (over 70% of ensemble members within one ens. mean +/-
1 s.d.). The wind stress feedback in the east Pacific is also stronger in the HadCM3
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ensemble mean (over 70% of ensemble members are within +/- 1 s.d.) which may
cause the overall weak latent heat flux anomalies in this area due to weakening winds
there during El Nin˜o.
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Figure 5.3.17: Wind stress feedback, µa, for SODA reanalysis (top), the HadCM3
ensemble mean (middle) and the difference between them (bottom). Nin˜o 3 and
4 boxes are shown using solid black lines. The Nin˜o 3.4 box is shown by dashed
black lines. Stippling shows areas where over 70% of ensemble members are within
ensemble mean +/- 1 s.d.
Figure 5.3.18 investigates this by correlating HadCM3 east Pacific latent heat
flux damping (αLH) against wind stress feedback (µa) for 1986-2015. The plot shows
little relationship between the two with a correlation of -0.26 for the total ensemble
and correlations of 0.076 and -0.31 for atmosphere and ocean perturbation ensemble
members respectively. None of the correlations are significant at the 95% level.
However, this may not be the best way to assess possible relationships between
latent heat flux damping and wind stress feedback as the area-averaging boxes for
latent heat flux damping and wind stress feedback are different. Latent heat flux
damping is calculated over the east Pacific only whereas wind stress feedback is
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calculated for the entire equatorial Pacific. Therefore, spatial correlations are also
examined.
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Figure 5.3.18: Strength of latent heat flux damping (αLH , y axis) plotted against
equatorial Pacific wind stress feedback (µ, x axis) for the HadCM3 ensemble in
1986-2015. Coloured dots show HadCM3 ensemble members, results calculated using
OAFlux and SODA data is shown by a cross. Fitting line (black for the full ensemble,
blue for ocean perturbations and red for atmosphere perturbations) are over plotted
based on the significance of the correlation. Solid lines show a 99 % significant
relationship, dashed lines show a 95% significant relationship and relationships lower
than 95% are unplotted.
Figure 5.3.19 shows the inter-ensemble correlation between east Pacific area-
averaged latent heat flux and the local wind stress response (i.e. the inter-ensemble
correlation between east Pacific latent heat flux damping, therefore the same for all
gridpoints, and local wind stress feedback at that gridpoint), in order to assess any
impact changing spatial patterns of µa may have on east Pacific latent heat flux
damping.
The strongest correlations are shown in the north and south of the west Pacific
(areas of positive relationship) and in the central and far east Pacific (negative
relationships). This plot finds that ensemble members which have stronger wind
stress feedback off equator (which is associated with cool temperatures along the
equator and ascent too far to the west) tend to have a weak east Pacific latent heat
flux damping. Similarly, ensemble members with strong wind stress feedback in the
central equatorial Pacific (and weaker in the east Pacific), resulting in wind stress
feedback closer to observations, tend to have a stronger latent heat flux feedback.
Linking this result and the strong correlation shown between latent heat flux
damping and precipitation implies that convection biases are a possible cause here
of latent heat flux damping bias. Ensemble members with convection located too
far west also show a wind stress response stretching further west and further east
impacting latent heat flux anomalies. In general, it can be concluded that the simu-
lation of convection in the equatorial Pacific is closely linked to wind stress responses
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Figure 5.3.19: Inter-ensemble correlation plot of east Pacific averaged latent heat
flux feedback strength, αLH against (the local) µ at each gridpoint. Nin˜o 3 and 4
boxes are shown using solid black lines. The Nin˜o 3.4 box is shown by dashed black
lines.
and precipitation which are crucial for an accurate latent heat flux feedback. Spatial
biases, which are common in CGCMS, can have a large impact on the strength of
these responses.
5.4 Thermodynamic damping components: shortwave heat
flux feedback.
5.4.1 Shortwave damping in relation to precipitation (1986-2015).
Shortwave damping is the other dominant component of thermodynamic damping
and is also weak for many ensemble members (figure 3.3.4). Chapter 3 speculates
that this is caused by shifts in the regimes governing shortwave heat flux which
are impacted by large scale circulation. In cooler temperatures, a positive SST
anomaly reduces static stability breaking up marine stratiform clouds and creating a
positive shortwave feedback as more shortwave radiation reaches the surface (Klein
and Hartmann, 1993). In warmer areas a positive anomaly increases convective
cloud cover causing a damping feedback (Ramanathan and Collins, 1991). Ideally,
to investigate this hypothesis fully, vertical velocity would be used as a measure of
atmospheric ascent. However, due to availability of data for the HadCM3 ensemble
this is unable to be used here so relationships with precipitation, which Chadwick
et al. (2013) find is dominated by convergence shifts under climate change, are
assessed instead.
Figure 5.4.1 a) shows a scatterplot of αSW against mean precipitation averaged
over Nin˜o 4 to investigate this hypothesis further. A correlation is found, though it
is relatively weak at 0.45, significant at the 95% level, when correlating all ensemble
members. The figure clearly shows this relationship is largely caused by the ocean
perturbation members which show a correlation of 0.55 (Note, this is insignificant
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Figure 5.4.1: a) The strength of shortwave damping (αSW , y axis) plotted against
mean Nin˜o 4 precipitation (x axis) for the HadCM3 ensemble in 1986-2015. b) Same
as a) but with s.d. of Nin˜o 3 precipitation anomalies. Coloured dots show HadCM3
ensemble members, results calculated using OAFlux and CMAP data is shown by
a cross. Fitting line (black for the full ensemble, blue for ocean perturbations and
red for atmosphere perturbations) are over plotted based on the significance of the
correlation. Solid lines show a 99 % significant relationship, dashed lines show a
95% significant relationship and relationships lower than 95% are unplotted.
at the 95 % level due to the smaller amount of ensemble members being correlated).
However, this does support the hypothesis that an absence of convection closer the
central Pacific caused by cool and dry conditions may result in weak shortwave
damping and govern inter-ensemble variations in shortwave damping strength.
An overall significant positive relationship is also found between shortwave damp-
ing strength and the standard deviation of Nin˜o precipitation anomalies (figure
5.4.1), with a correlation of 0.43, where stronger El Nin˜o induced precipitation
anomalies are linked to stronger shortwave damping. Again, this correlation lies
with ocean perturbation ensemble members with a correlation of 0.76 for the ocean
half of the ensemble. These results suggest that perturbations to ocean ensemble
members impact shortwave damping and precipitation though the underlying cause
of this relationship is unknown.
While these results suggest the possibility of convection biases impacting short-
wave damping, investigation into cloud cover or perhaps a decomposition analysis
similar to that in Lloyd et al. (2009) would be required in order to be certain of the
convective mechanisms which cause the weak shortwave damping.
5.4.2 Shortwave damping in relation to precipitation (projected response).
Thermodynamic damping shows a strong response to climate change (see section 4)
which dominates total stability, resulting in a more stable ENSO despite increased
amplitude. This response is largely caused by an increase in the strength of short-
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wave damping in response to warmer temperatures. It was suggested this response
is linked to increasing convection in these areas which results in a greater cloud
cover in response to east Pacific SST anomalies during El Nin˜os. In this section the
relationship between shortwave damping and precipitation is analysed in order to
provide further insight into this response.
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Figure 5.4.2: The difference from 1985-2015 to 2046-2075 in the strength of short-
wave damping (αSW , y axis) plotted against the difference in mean Nin˜o 4 precip-
itation (x axis) for the HadCM3 ensemble. Coloured dots show HadCM3 ensemble
members. Fitting lines (black for the full ensemble, blue for ocean perturbations
and red for atmosphere perturbations) are over plotted based on the significance of
the correlation. Solid lines show a 99 % significant relationship, dashed lines show
a 95% significant relationship and relationships lower than 95% are unplotted.
Changes in mean Nin˜o 4 precipitation are correlated with changes in shortwave
damping strength in figure 5.4.2 a), showing a correlation of 0.53 significant at the
99 % level which is not largely dependent on ensemble member type. This suggests
that ensemble members which show a large Nin˜o 3 precipitation response show a
greater increase in the strength of shortwave damping.
5.5 Summary & Discussion.
5.5.1 Summary
What are the causes of the weak latent heat flux damping and how are
these related to the mean Pacific climate in the HadCM3 ensemble?
• Mean precipitation 1986-2015 in the HadCM3 ensemble shows significant bi-
ases in Nin˜o 4 atmosphere ensemble members (ten of sixteen ensemble mem-
bers drier than CMAP mean (+/- 1 s.d.), figure 5.2.1). Mean precipitation is
found to be strongly linked to thermodynamic damping strength (correlation
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of 0.72), caused by links to both the dominant components, shortwave damp-
ing (αSW , correlation of 0.45) and latent heat flux damping (αLH ,correlation
of 0.79, figure 5.3.12).
• The sensitivity of humidity difference to sea surface temperature shows no
large bias (figure 5.3.3). Similarly, a decomposition (using wind stress instead
of wind speed) further suggests no significant bias in the humidity response
to SSTA (figure 5.3.11 a)) despite humidity anomalies being the dominant
component of latent heat flux anomalies (figure 5.3.10).
• Biases are found in the spatial pattern of wind stress feedback (and in the wind
anomaly driven component of latent heat flux calculated using wind stress,
figures 5.3.17 and 5.3.11 b)). The wind stress response in the east Pacific is
more positive than observed (thereby a larger damping component on latent
heat flux anomalies).
• Links are found between latent heat flux damping and mean Nin˜o 4 zonal
wind stress and mean Nin˜o 4’ zonal ocean current. Correlations are also found
between the spatial pattern of the wind stress response to SSTAs in the equa-
torial Pacific and latent heat flux damping such that a weaker wind stress
response in the west Pacific corresponds to a larger αLH (stronger response in
east Pacific corresponds to weaker αLH , figure 5.3.19)
What causes the inter-ensemble diversity and strong climate change re-
sponse of shortwave damping?
• Shortwave damping is found to be weaker in ensemble members featuring
cooler SSTs and less precipitation shown by positive correlations between αSW
and Nin˜o 3 & 4 SST (0.64 and 0.57 respectively) and Nin˜o 3 & 4 precipitation
(0.42 & 0.45 respectively, figure 5.3.12).
• The climate change response of shortwave damping is also linked to the climate
change response of mean Nin˜o 4 precipitation (figure 5.4.2). A correlation of
0.53 is found between them so that ensemble members which have a larger
increase in precipitation in a warming climate also show a larger increase in
shortwave damping strength.
• Relationships found between αSW and the mean state lie with ocean perturba-
tion ensemble member diversity. Correlations for these ensemble members are
larger than those for the atmosphere ensemble members, which are insignifi-
cant for the relationships shown (figures 5.4.1 and 5.4.1).
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5.5.2 Discussion
Investigation into the relationships between latent heat flux damping and mean
Pacific climate finds that the strongest relationship lies with precipitation. Spatial
correlations suggests that the zonal location of maximum precipitation along the
equator is linked to the strength of latent heat flux damping. Ensemble members
with more precipitation further west and less precipitation near the central Pacific
demonstrate weaker latent heat flux feedbacks.
It is also found that the response of wind stress to SST anomalies extends too far
east which may act to reduce the strength of latent heat flux anomalies. Much like
the relationship with precipitation, spatial correlations find that ensemble members
with a weak central Pacific wind stress feedback and a strong east Pacific wind stress
feedback tend to also have weaker latent heat flux feedbacks. While near surface
humidity difference in the east Pacific increases in response to warmer SSTs for both
the HadCM3 ensemble and reanalysis, enabling more evaporation, the winds tend
to weaken during El Nin˜os in the HadCM3 ensemble, more than observed, which
reduces the evaporation response for the HadCM3 ensemble causing a weak latent
heat flux damping.
This bias in wind stress response may be linked to convection biases, signified in
the precipitation lying too far west. Chadwick et al. (2013, 2014) suggest that the
precipitation response in the tropical Pacific is largely governed by spatial changes
in low level convergence and convection. If this is the case here, spatial biases in
atmospheric circulation may result in the incorrect wind speed response found in
the east Pacific. However, this hypothesis is unverified as vertical velocity was not
available for analysis for the PPE.
It is similarly found that shortwave damping has links to precipitation in the
equatorial Pacific. Once again shortwave flux response can be linked to atmospheric
circulation in the equatorial Pacific. Shortwave flux is linked to cloud cover, where
areas of large cloud cover, such as the west equatorial Pacific, have little incoming
shortwave radiation and the cooler east equatorial Pacific has the most downward
shortwave flux due to smaller amounts of cloud cover. Two shortwave flux feedback
regimes exist in the equatorial Pacific due to contrasting east and west Pacific sea
surface temperatures. In the cooler east Pacific there exists a positive shortwave
feedback regime where a positive SST anomaly acts to break up the stratiform clouds
there and increases incoming shortwave resulting in warmer SSTs. In the warmer
central and west Pacific, where cumulus clouds are, there is a negative shortwave
feedback. An SST anomaly in this warmer area can trigger convection increasing
the cloud cover in this area and decreasing incoming shortwave radiation resulting
in a cooling effect on SSTs.
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For ocean ensemble members, those which show more mean precipitation and
larger precipitation anomalies also have stronger shortwave damping. A possible
reason for this is biases in convection (with ascension occurring too far west and
so reducing equatorial Pacific precipitation) which results in a reduced negative
shortwave damping regime. Under climate change an increase in precipitation can
also be linked to increased shortwave damping suggesting a similar mechanic at
play as convection shifts eastward in a warming climate. However, once again this is
unverified as vertical velocity to assess atmospheric ascent directly was unavailable
for the ensemble.
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6 Conclusions & Future Work
6.1 Summary & Discussion
Is ENSO stability linked to variations in the model climate?
Dominant components of stability, namely thermodynamic damping, zonal ad-
vective and thermocline feedbacks, are weak. In comparison to previous studies, the
biases in the positive feedbacks in the PPE are slightly smaller than those found in
MMEs (Kim et al., 2013). A possible reason for this is the use of flux adjustment
in the ensemble which minimises equatorial Pacific SST biases when compared with
those shown in CGCMs used in MMEs (Guilyardi, 2006; Bellenger et al., 2013).
This improvement in SSTA strength and spatial distribution undoubtedly will have
an impact on the ocean response during El Nin˜o event development. Despite this
improvement in mean SST, model biases still persist resulting in the feedback biases
found here.
Feedback biases are caused by weak shortwave and latent heat flux damping in
the case of thermodynamic damping. For the positive zonal advective and thermo-
cline feedback the main causes of bias are weak responses of ocean currents to wind
stress anomalies and weak responses of the thermocline to wind stress anomalies
respectively. This is consistent with causes of CMIP3 ENSO feedback biases found
by Kim et al. (2013).
Many of the feedback biases can be related to biases in the mean state equatorial
Pacific which then impacts variability. The biases are characterised by overly strong
trade winds and zonal surface ocean currents. The most important bias found in
relation to ENSO feedbacks is in the zonal surface ocean current. Zonal surface
ocean currents are also linked to the perturbations used in the ensemble such that
ocean perturbations ‘relax’ the mean ocean state (weakening zonal ocean current)
and atmosphere perturbations coincide with strong zonal ocean currents. Ensemble
members with the strongest mean zonal advection are found to have an ocean insen-
sitive to El Nin˜o induced wind stress anomalies resulting in reduced zonal advective
and thermocline feedbacks. The increased ocean sensitivity in ensemble members
featuring ocean perturbations is also reflected in a stronger ENSO amplitude and
increased BJ index for these ensemble members.
In the case of thermodynamic damping the two dominant components of short-
wave damping and latent heat flux damping are weak. Shortwave damping, also
found by Lloyd et al. (2010) to be the biggest cause of thermodynamic damping
biases in AMIP models, is found to be linked to cooler surface temperatures and
reduced precipitation. It is suggested that areas of subsidence over more of the east
Pacific causing SST anomalies to break up marine stratiform clouds resulting in a
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positive feedback (Klein and Hartmann, 1993) is a possible cause of these relation-
ships. This would mean that negative shortwave anomalies are weaker during El
Nin˜o events which weakens overall shortwave damping, however this hypothesis is
unverified (an analysis of atmospheric ascent would be required).
In the case of latent heat flux feedback, near surface specific humidity difference
feedback is relatively close to observed, in contrast to Lin (2007) who suggest this to
be the main cause of tropical Pacific latent heat flux damping biases. The wind stress
response (used as a rough measure of wind speed response) shows weakening winds
further east in response to SST anomalies than observed. This slightly counteracts
the humidity difference feedback resulting in weaker evaporation in response to SST
anomalies causing a weak latent heat flux feedback in this area.
These results suggest that even when SST biases are improved (here by the
use of flux adjustment) common CGCM biases have a noticeable impact on ENSO
feedbacks causing persistent feedback biases, such as weak thermocline, zonal advec-
tive and thermodynamic dampings, and are a cause of uncertainty in models. The
representation of mean zonal advection and precipitation (which may be linked to
convection biases) are found to be particularly important and should be key areas
of improvement in future model development.
What is the projected response of ENSO stability under global warming
and what are the drivers of the response?
The HadCM3 ensemble projects a decrease in the BJ index in response to global
warming, in contrast to the increasing ENSO amplitude. ENSO related variability
increases in the central Pacific, in particular heat flux anomalies becomes a lot
stronger. The decrease in the BJ index results primarily from a large increase
in the strength of thermodynamic damping which almost doubles in strength for
most ensemble members. This response was found by Kim and Jin (2011b) to
be a consistent response for a number of CMIP3 models. Here, this is attributed
to an increase in shortwave damping in response to warmer SSTs in the central
Pacific. Warmer SSTs would allow the convective regime of shortwave heat flux to
occur in the central Pacific resulting in increased cloud cover and precipitation in
response to sea surface temperature anomalies and causing much larger shortwave
heat flux anomalies. While relationships with precipitation (e.g. more central Pacific
precipitation coincides with an increase in shortwave damping strength) are found
here, which support this idea, changes in convection by analysis of atmospheric
ascent are unverified.
The dominant positive feedbacks of thermocline and zonal advective feedbacks
do not show such dramatic responses but do show slight changes in strength in
response to global warming. However, these changes largely counteract each other
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and so do not affect overall ENSO stability. The previously dominant thermocline
feedback shows a decrease in strength and the zonal advective feedback shows a
slight increase in strength. This results in the two feedbacks being almost equal in
strength post-global warming. This suggests a shift in the feedbacks most important
to El Nin˜o growth.
The shifts in the positive feedbacks can largely be attributed to changing mean
states, consistent with those governing inter-ensemble differences. A slowing of the
Walker circulation and the accompanying eastward shift of ENSO-related variability
results in increased sensitivity of east Pacific zonal surface ocean currents, therefore a
more effective zonal advective feedback. The weakened upwelling in the east Pacific,
flatter mean thermocline and weakened central Pacific wind stress feedback result
in a weaker thermocline feedback.
Responses are largely consistent in the HadCM3 ensemble but the strength of
the response is often impacted by initial mean climate. For example, for the ther-
mocline feedback the initial mean state (as governed by perturbation type) has an
impact on the climate change response such that ensemble members featuring at-
mosphere perturbation (initially the ensemble members with least ocean sensitivity)
show significant increases in the sensitivity of the thermocline to surface wind stress
anomalies under climate change but ensemble members with ocean perturbations
tend not to. This results in less weakening of the thermocline feedback for the at-
mosphere perturbation ensemble members as the increase in βh tends to balance out
the decreasing µa for these ensemble members. This demonstrates an importance of
the initial modelled mean state to ENSO feedback projection.
It is suggested that shifts in convection, caused by changing SST gradients are
a major cause of the BJ index response, demonstrated in relationships found be-
tween feedback response and changes in precipitation. It is also found that the
representation of the initial climate is an important factor in the projected thermo-
cline feedback response highlighting the importance of the accuracy of the initial
conditions in ENSO projections.
Can the BJ index be used to reliably approximate ENSO amplitude?
In contrast to previous studies which find a positive relationship between ENSO
amplitude and the BJ index (Kim et al., 2013; Kim and Jin, 2011b), the results
given here both for inter-ensemble differences and climate change response show a
negatively correlated BJ index and ENSO amplitude. Note that for CMIP5 models
this relationship also breaks down as outliers weakened the relationship between BJ
index and ENSO amplitude (Kim et al., 2013). There are a number of reasons why
this may be the case.
The first of which relates to the assumption that the amplitude of components of
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the BJ index can be directly related and therefore can be added together to provide
a measure of ENSO stability. The cause of the negative relationship found here
is attributed to a dominating thermodynamic damping which is negatively related
to ENSO amplitude (figure 3.3.5). The three positive feedbacks, zonal advective,
thermocline and Ekman feedbacks, are plotted against ENSO amplitude in figure
6.1.1 and all three (and the sum) show significant (at least 95% significance) positive
correlations with ENSO amplitude, in keeping with previous studies. The terms of
the BJ index are approximations of the true feedbacks and rely on a number of
assumptions of linearity (see sections 1.3.4 and 2.2.3). If these approximations are
not directly comparable in magnitude as assumed then the sum of these feedbacks,
the BJ index, cannot be reliably used as an approximation of ENSO amplitude. This
may be the case here where the thermodynamic damping dominates over the positive
feedbacks, which alone approximate ENSO amplitude well. Similarly, if feedback
amplitudes are not directly comparable then the responses of those feedbacks over
time (e.g. in a warming climate) will either dominate the total BJ index response
when they should not or be masked by other feedback responses.
The second possibility lies in the derivation of the BJ index which relies heavily
on assumptions of linearity and neglects processes which lie outside of the framework
from which the BJ index is derived. It is known that a number of these linearity
assumptions are not complete, such as the linearity of the wind stress response
(Kang and Kug, 2002; Philip and van Oldenborgh, 2009; Choi et al., 2013) or the
approximation of thermodynamic damping (Lloyd et al., 2010, 2012; Bellenger et al.,
2013) which may cause inaccuracies in the BJ index (Graham et al., 2014). Factors
which are not included (e.g. annual cycle) which may be linked to ENSO amplitude
(Guilyardi, 2006) are also overlooked by the BJ index calculation which may result in
a BJ index ultimately having little relation to ENSO amplitude. It’s also important
to note that the peak of an El Nin˜o event is at the point where SSTAs are highest,
when non-linearities come into play and the assumptions of linearity break down.
The strength of this peak is essentially what is being measured by ENSO amplitude
whereas the BJ index aims to quantify the growth rate of the El Nin˜o event in the
lead up to this peak when the linearity assumptions are more feasible, meaning that
the two measures may not be as strongly linked as suggested in previous studies.
Bearing these caveats in mind and considering the results found here, the use of
the BJ index as a measure of ENSO amplitude, either on an inter-ensemble basis or
as a tool for assessing projected ENSO response, remains questionable. Future work
should focus on improvement of the understanding of the feedbacks that the BJ
index attempts to approximate and ways in which these issues (e.g. non-linearities)
can be accounted for in ENSO analysis (e.g. use of the mixed layer heat budget by
Graham et al. (2014)).
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Figure 6.1.1: Zonal advective feedback (a)), thermocline feedback (b)), Ekman feed-
back (c)) and the sum of these three (d)) plotted as a function of ENSO amplitude
for the HadCM3 PPE for the time period 1986-2015. Relationships 99% significant
(based on a students t-test) are shown by a solid fit line, 95% significant are shown
by a dashed fit line. Ensemble members with atmosphere perturbations are shown
by red dots, ensemble members with ocean perturbations are shown by blue dots.
The result given using reanalysis data is shown by a cross.
6.2 Future work
Throughout this work the Bjerknes’ stability index and various simple ENSO metrics
are used to assess ENSO in a perturbed physics ensemble under a global warming
scenario. Feedback decomposition is used to determine the possible causes of per-
sistent biases as well as drivers for the dominating global warming responses.
A six month project based on this work has been carried out to extend some of
the ideas used here to CMIP5 models. In particular, the strength of latent heat flux
damping in relation to the mean climate was investigated. The weak latent heat flux
damping bias found in the HadCM3 ensemble here and more generally in the CMIP3
models (Lloyd et al., 2010) persists in the most recent generation of models. Figure
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6.2.1 shows the results of the Nin˜o 3 latent heat flux damping CMIP5 analysis,
where the latent heat flux damping magnitudes for almost all CMIP5 models are
below the reanalysis.
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Figure 6.2.1: Nin˜o 3 latent heat flux damping, αLH , for forty-eight CMIP5 models.
Black dots show CMIP5 models, OAFlux αLH is shown by the horizontal black line,
the CMIP5 ensemble mean is shown by the black diamond with error bars showing
one standard deviation.
With the knowledge gained in this thesis of the link between precipitation spatial
biases on latent heat flux damping, a metric was developed, named dpr, in order to
quantify precipitation spatial biases and to investigate if the relationship between
precipitation and latent heat flux damping, found in section 5.3.4, holds for a multi-
model ensemble. The metric consists of defining two equatorial Pacific areas which
are based on spatial correlation plots of precipitation against latent heat flux damp-
ing. The boxes defined are shown in figure 6.2.2 as well as two examples of models
with differing precipitation spatial patterns and their dpr values. To calculate dpr
the mean precipitation averaged in the west box (A) was deducted from the east box
(B) precipitation resulting in a higher value of dpr for models which have maximum
precipitation further east and a lower value for models with maximum precipitation
further west.
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Figure 6.2.2: a): Mean precipitation in the equatorial Pacific evaluated for HadCM3.
Value of dpr is -5.66 b): Same as a) but for HadGEM2-AO. Value of dpr is -0.16.
Values of dpr are found by taking the mean precipitation in box B minus mean
precipitation in box A.
The relationship between this metric and latent heat flux damping in the Nin˜o
3 region is shown in figure 6.2.3. A significant correlation of -0.44 is found implying
CMIP5 ensemble members with a precipitation maximum closer to the central Pa-
cific, and therefore a more accurate precipitation spatial pattern), also have a more
accurate, stronger latent heat flux damping. As was the case in this thesis, surface
specific humidity difference was found to have no consistent biases in the CMIP5
models so it is believed that these precipitation biases are linked to errors in wind
speed in the CMIP5 models.
The calculation of the BJ index is highly reliant on linear parametrisations for
air-sea couplings. This is somewhat idealised (Lloyd et al., 2010, 2012; Philip and
van Oldenborgh, 2009) and while the relationships fit fairly well (figure 2.2.6), this
method may be masking important non-linearities which should be included in anal-
ysis. Further analysis into the importance and response of these non-linearities
should be a focus of future research with the aim to formulate metrics which ac-
count for non-linear responses.
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Figure 6.2.3: Scatterplot of Nin˜o 3 latent heat flux damping plotted against max-
imum precipitation zonal location for CMIP5 models. Hadley centre models are
shown using blue crosses, CMAP and SODA 2.0.2 results are given by the red dot.
All other models are shown by black dots. The solid black fitting line is significant
at the 99% level.
Metrics used here typically involve area-averaging and so are highly dependant
on climate spatial patterns which are often slightly different between models or under
global warming and can lead to an incomplete view of biases if only examining the
(e.g. Nin˜o 3) area-averaged metric (for example, sensitivity outside of the area-
averaging box). This is something which should be considered in further analyses.
While it has been previously found that feedbacks may be linked to different El
Nin˜os (Kug et al., 2009; Yeh et al., 2009), attempts to link these feedbacks with El
Nin˜o modes were here not successful (not shown) and the far-reaching impacts of
feedback biases and projections have not been addressed. Research into the links
between feedbacks and El Nin˜o types as well as feedback teleconnections is a possible
area of further work.
This work finds significant areas which should be improved in future models, such
as ENSO feedback strength or spatial pattern. Ultimately, the aim to understand
ENSO responses in projections of future climate can only be reliably attained when
current conditions are well approximated. The development of metrics which allow
for accurate quantification of ENSO in models and real-world climate are key for
future model improvement and projection analysis.
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A Appendix: Supplementary Tables
Parameter/Scheme Description/Process Affected
Visbeck scheme
ALPHA VIS Control the magnitude of the relationship between
eddy mixing from baroclinic eddies and the stability
of the mean flow.
BGTD VIS Background coefficient of eddy mixing from baroclinic
instability, included for numerical reasons.
AM SI Represents the effects of horizontal viscosity.
Larger than the real viscosity of the ocean to maintain
numerical stability.
AHI SI Diffusion of tracers e.g. temperature and salinity,
along isopycnal surfaces.
Vertical diffusivity
FNU0 SI Background value of vertical viscosity of tracers,
included for numerical reasons.
FNUB SI Background value of vertical diffusivity of tracers,
included for numerical reasons.
KAPPA0 SI Background coefficient of eddy mixing from baroclinic
instability, included for numerical reasons.
DKAPPA DZ SI Vertical profile of KAPPA0 SI, smaller near the
surface of the ocean and increases with depth.
ETA2 SI Determines the degree of penetration of SW flux
into the ocean.
Boundary layer
CRIT RI The depth of the boundary layer is determined when
the Richardson number reaches this critical value.
L OQLARGE Switch for quadratic shape of diffusivity with depth.
L OFULARGE Switch for cubic shape of diffusivity with depth.
Mixed layer scheme
LAMDA Proportionality between the strength of the wind mixing
energy and the cube of the wind speed.
DELTA SI Determines the decay with depth of the wind mixing
energy (length scale).
EPSILON Fraction of wind mixing energy that passes through the
thermocline into the deep ocean
Figure A.1: Description of ocean physics parameters.
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Parameter/Scheme Description/Process Affected
Large scale cloud
RHCRIT Threshold of relative humidity for cloud formation.
VF1 Ice particle fall speed.
CW SEA and CW LAND Cloud droplet to rain conversion thresholds.
CT Cloud droplet to rain conversion rate.
EACF Cloud fraction at gridbox saturation.
L RHCPT .TRUE. switches on more sophisticated
parameterization of relative humidity.
Convection
ENTCOEFF Rate of mixing between environmental
air and convective plume.
CAPE TS Intensity of convective mass flux.
L CAPE .TRUE. switches on the CAPE scheme.
L CCW .TRUE. switches on the convective anvil scheme.
UD FACTOR Fraction of convective cloud in which updraught
occurs when L CCW .TRUE.
ANVIL FACTOR and
ANVIL SHAPE Shape of convective cloud when L CCW .TRUE.
Radiation
ICE SIZE Effective radius of cloud ice spheres.
LST ICE SW
LST ICE LW,
LCNV ICE SW and
LCNV ICE LW Account for effect of non-spherical ice particles.
Differences in SW spectral files Shortwave absorption due to the self-
broadened water vapour continuum
Sea ice
ALPHAM, ALPHAC and
DTICE Dependence of sea ice albedo on temperature.
EDDYDIFFS Ocean to ice heat diffusion coefficient.
Boundary layer
& Surface processes
G0 Functions used to determine stability
dependence of turbulent mixing.
ASYM LAMBDA Asymptotic neutral mixing length.
CHARNOCK Roughness lengths and surface fluxes over sea.
Z0FSEA Free convective roughness length over sea.
CAN MODEL Accounts for effect of vegetation canopy
decoupling on surface energy balance.
Dynamics
DIFF COEFF Spatial scale (ie order) and size of diffusion
coefficient for heat, momentum & moisture
KAY GWAVE Magnitude of hydrostatic gravity wave stress.
KAY LEE GWAVE Magnitude of non-hydrostatic gravity wave stress.
START LEVEL GWAVE Lowest model level at which drag is applied
Figure A.2: Description of atmospheric physics parameters.
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Version VF1 CT ENTCOEFF CAPE TS G0 CHARNOCK Z0FSEA
q0 0.94 0.0002 2.90 - 16.92 0.013 0.0041
q1 0.98 6e-5 2.92 3672 5.87 0.016 0.0049
q2 1.04 6e-5 3.49 - 8.25 0.019 0.0034
q3 0.94 0.0002 4.35 5616 17.40 0.017 0.0011
q4 1.12 0.0001 2.78 7092 17.82 0.019 0.0030
q5 1.00 0.0001 3.00 - 10.00 0.012 0.0013
q6 1.37 0.0004 4.30 5544 8.54 0.013 0.0038
q7 1.43 0.0004 4.86 - 15.55 0.015 0.0035
q8 0.51 0.0003 2.98 5040 8.68 0.016 0.0010
q9 0.65 0.0001 2.43 5004 5.08 0.014 0.0018
q10 0.53 0.0002 2.16 - 8.04 0.015 0.0004
q11 0.57 0.0003 3.16 - 8.54 0.013 0.0011
q12 0.65 0.0003 4.51 4608 12.07 0.017 0.0018
q13 0.53 0.0002 3.75 - 6.54 0.013 0.0009
q14 0.88 0.0004 3.84 8748 5.24 0.012 0.0042
q15 0.99 0.0002 3.61 - 9.82 0.012 0.0024
q16 0.54 0.0003 2.38 - 6.90 0.013 0.0017
Figure A.3: Description of atmosphere parameter perturbations 1.
Version 1 2 3 4 5 6 7 8 9 10
q0 0.80 0.80 0.80 0.80 0.80 0.75 0.70 0.65 0.65 0.65
q1 0.80 0.80 0.80 0.80 0.80 0.75 0.70 0.65 0.65 0.65
q2 0.67 0.67 0.67 0.67 0.67 0.64 0.62 0.59 0.59 0.59
q3 0.73 0.73 0.73 0.73 0.73 0.69 0.65 0.62 0.62 0.62
q4 0.68 0.68 0.68 0.68 0.68 0.65 0.62 0.59 0.59 0.59
q5 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
q6 0.73 0.73 0.73 0.73 0.73 0.69 0.65 0.62 0.62 0.62
q7 0.59 0.59 0.59 0.59 0.59 0.58 0.56 0.55 0.55 0.55
q8 0.74 0.74 0.74 0.74 0.74 0.70 0.66 0.62 0.62 0.62
q9 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
q10 0.55 0.55 0.55 0.55 0.55 0.54 0.53 0.52 0.52 0.52
q11 0.63 0.63 0.63 0.63 0.63 0.60 0.58 0.56 0.56 0.56
q12 0.52 0.52 0.52 0.52 0.52 0.51 0.51 0.51 0.51 0.51
q13 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
q14 0.56 0.56 0.56 0.56 0.56 0.55 0.54 0.53 0.53 0.53
q15 0.52 0.52 0.52 0.52 0.52 0.52 0.51 0.51 0.51 0.51
q16 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51
Figure A.4: Description of atmosphere parameter perturbations 2. EACF levels
1-10
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Version 11 12 13 14 15 16 17 18 19
q0 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65
q1 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65
q2 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59
q3 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
q4 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59
q5 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
q6 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
q7 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
q8 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62
q9 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
q10 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52
q11 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56
q12 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51
q13 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
q14 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53
q15 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51
q16 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51
Figure A.5: Description of atmosphere parameter perturbations 3. EACF levels
11-19
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Version ASYM LAMBDA R LAYERS CAN MODEL CW SEA CW LAND
q0 0.34 2 0 4.25e-5 0.000175
q1 0.31 2 1 0.000350 0.00140
q2 0.22 2 1 6.9e-5 0.000276
q3 0.27 2 0 0.000362 0.00145
q4 0.34 2 0 4.85e-5 0.000195
q5 0.15 4 0 5.00e-5 0.000200
q6 0.31 2 0 6.80e-5 0.000272
q7 0.15 4 0 0.000169 0.000678
q8 0.49 2 0 0.000430 0.00172
q9 0.16 4 0 6.75e-5 0.000270
q10 0.15 3 0 0.000260 0.00104
q11 0.42 4 1 3.47e-5 0.000149
q12 0.35 4 0 8.07e-5 0.000323
q13 0.11 4 1 2.33e-5 0.000111
q14 0.17 4 0 4.01e-5 0.000167
q15 0.13 4 0 4.73e-5 0.000191
q16 0.14 4 1 3.23e-5 0.000141
Figure A.6: Description of atmosphere parameter perturbations 4
Version DIFF COEFF (Lvls 1-18) (Lvl 19)
q0 1.088e+8 4e+6
q1 4.790e+8 4e+6
q2 1.008e+8 4e+6
q3 4.435e+8 4e+6
q4 7.889e+7 4e+6
q5 5.468e+8 4e+6
q6 1.084e+8 4e+6
q7 5.613e+8 4e+6
q8 5.314e+8 4e+6
q9 5.882e+8 4e+6
q10 5.558e+8 4e+6
q11 1.133e+8 4e+6
q12 9.117e+7 4e+6
q13 6.050e+8 4e+6
q14 5.025e+8 4e+6
q15 4.637e+8 4e+6
q16 6.117e+8 4e+6
Figure A.7: Description of atmosphere parameter perturbations 5, DIFF COEFF
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Version DIFF COEFF Q (Lvls 1-13) (Lvls 14-18) (Lvl 19)
q0 1.088e+8 1.5e+8 4e+6
q1 4.790e+8 1.5e+8 4e+6
q2 1.008e+8 1.5e+8 4e+6
q3 4.435e+8 1.5e+8 4e+6
q4 7.889e+7 1.5e+8 4e+6
q5 5.468e+8 1.5e+8 4e+6
q6 1.084e+8 1.5e+8 4e+6
q7 5.613e+8 1.5e+8 4e+6
q8 5.314e+8 1.5e+8 4e+6
q9 5.882e+8 1.5e+8 4e+6
q10 5.558e+8 1.5e+8 4e+6
q11 1.133e+8 1.5e+8 4e+6
q12 9.117e+7 1.5e+8 4e+6
q13 6.050e+8 1.5e+8 4e+6
q14 5.025e+8 1.5e+8 4e+6
q15 4.637e+8 1.5e+8 4e+6
q16 6.117e+8 1.5e+8 4e+6
Figure A.8: Description of atmosphere parameter perturbations 6, DIFF COEFF Q
Version DIFF EXP (Lvls 1-18) DIFF EXP (Lvl 19)
q0 2 1
q1 3 1
q2 2 1
q3 3 1
q4 2 1
q5 3 1
q6 2 1
q7 3 1
q8 3 1
q9 3 1
q10 3 1
q11 2 1
q12 2 1
q13 3 1
q14 3 1
q15 3 1
q16 3 1
Figure A.9: Description of atmosphere parameter perturbations 7, DIFF EXP levels
1-19
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Version 1 2 3 4-19
q0 0.95 0.90 0.85 0.84
q1 0.95 0.90 0.85 0.70
q2 0.95 0.90 0.85 0.71
q3 0.95 0.90 0.85 0.79
q4 0.95 0.90 0.85 0.73
q5 0.95 0.90 0.85 0.70
q6 0.95 0.90 0.85 0.70
q7 0.95 0.90 0.85 0.70
q8 0.95 0.90 0.85 0.82
q9 0.95 0.90 0.85 0.80
q10 0.95 0.90 0.85 0.67
q11 0.95 0.90 0.85 0.69
q12 0.95 0.90 0.88 0.88
q13 0.95 0.90 0.85 0.70
q14 0.95 0.90 0.85 0.70
q15 0.95 0.90 0.85 0.70
q16 0.95 0.90 0.85 0.70
Figure A.10: Description of atmosphere parameter perturbations 8, RHCRIT levels
1-19
Version ALPHAM DTICE L CAPE EDDYDIFFN
q0 0.51 9.52 .FALSE. 2.45e-5
q1 0.60 3.89 .TRUE. 2.49e-5
q2 0.50 9.69 .FALSE. 2.48e-5
q3 0.53 7.68 .TRUE. 2.48e-5
q4 0.53 8.10 .TRUE. 2.42e-5
q5 0.50 10.00 .FALSE. 2.50e-5
q6 0.51 9.32 .TRUE. 2.47e-5
q7 0.52 8.49 .FALSE. 2.29e-5
q8 0.63 2.60 .TRUE. 2.39e-5
q9 0.63 2.80 .TRUE. 2.36e-5
q10 0.64 2.55 .FALSE. 2.49e-5
q11 0.58 4.49 .FALSE. 2.39e-5
q12 0.64 2.20 .TRUE. 2.47e-5
q13 0.54 7.23 .FALSE. 2.41e-5
q14 0.58 4.58 .TRUE. 2.30e-5
q15 0.65 2.14 .FALSE. 2.35e-5
q16 0.60 3.84 .FALSE. 2.49e-5
Figure A.11: Description of atmosphere parameter perturbations 9
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Version EDDYDIFFS KAY GWAVE START LEVEL GWDRAG ICE SIZE
q0 2.45e-5 19800 3 3.1e-5
q1 2.49e-5 19800 3 3.6e-5
q2 2.48e-5 14600 3 3.5e-5
q3 2.48e-5 10500 3 3.1e-5
q4 2.42e-5 14400 3 3.0e-5
q5 2.50e-5 20000 3 3.0e-5
q6 2.47e-5 11600 3 3.0e-5
q7 2.29e-5 16500 3 2.8e-5
q8 2.39e-5 11800 3 2.9e-5
q9 2.36e-5 19900 5 2.7e-5
q10 2.49e-5 11700 5 3.8e-5
q11 2.39e-5 16200 5 3.3e-5
q12 2.47e-5 19500 5 3.2e-5
q13 2.41e-5 19800 5 3.2e-5
q14 2.30e-5 15500 5 3.0e-5
q15 2.35e-5 12000 5 2.7e-5
q16 2.49e-5 16700 3 2.8e-5
Figure A.12: Description of atmosphere parameter perturbations 10
Version I ST ICE SW I ST ICE LW I CNV ICE SW I CNV ICE LW
q0 2 1 3 1
q1 2 1 3 1
q2 2 1 3 1
q3 2 1 3 1
q4 2 1 3 1
q5 2 1 3 1
q6 7 7 7 7
q7 2 1 3 1
q8 2 1 3 1
q9 2 1 3 1
q10 7 7 7 7
q11 2 1 3 1
q12 2 1 3 1
q13 2 1 3 1
q14 2 1 3 1
q15 2 1 3 1
q16 7 7 7 7
Figure A.13: Description of atmosphere parameter perturbations 11
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Version KAY LEE GWAVE LO RHCPT
q0 297000 .FALSE.
q1 297000 .TRUE.
q2 219000 .FALSE.
q3 158000 .FALSE.
q4 216000 .FALSE.
q5 300000 .FALSE.
q6 174000 .TRUE.
q7 248000 .TRUE.
q8 177000 .FALSE.
q9 298000 .FALSE.
q10 176000 .FALSE.
q11 243000 .FALSE.
q12 292000 .FALSE.
q13 297000 .TRUE.
q14 232000 .TRUE.
q15 180000 .TRUE.
q16 250000 .TRUE.
Figure A.14: Description of atmosphere parameter perturbations 12
Version L CCW ANVIL FACTOR TOWER FACTOR UD FACTOR
q0 .TRUE. 2.5914 0.3859 0.5102
q1 .TRUE. 2.4314 0.4113 0.2838
q2 .FALSE. 0.0000 0.0000 1.0000
q3 .TRUE. 1.7844 0.5604 0.7763
q4 .FALSE. 0.0000 0.0000 1.0000
q5 .FALSE. 0.0000 0.0000 1.0000
q6 .TRUE. 1.0608 0.9427 0.8130
q7 .TRUE. 2.5139 0.3978 0.1423
q8 .FALSE. 0.0000 0.0000 1.0000
q9 .FALSE. 0.0000 0.0000 1.0000
q10 .FALSE. 0.0000 0.0000 1.0000
q11 .FALSE. 0.0000 0.0000 1.0000
q12 .TRUE. 1.3965 0.7161 0.8015
q13 .FALSE. 0.0000 0.0000 1.0000
q14 .TRUE. 1.5082 0.6630 0.8481
q15 .TRUE. 2.7875 0.3587 0.9269
q16 .FALSE. 0.0000 0.0000 1.0000
Figure A.15: Description of atmosphere parameter perturbations 13
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Version AM0 SI AM1 SI AHI1 SI AH2 SI ALPHA VIS BGTD SI
q0 1533 1533 1400 1400 0.01467 2.1e+6
q17 1400 1400 560 560 0.01667 1.4e+6
q18 2467 2467 1880 1880 0.01000 0.0
q19 2200 2200 1280 1280 0.01133 3.5e+6
q20 3000 3000 1000 1000 0.01500 3.5e+6
q21 1133 1133 1520 1520 0.01067 2.567e+6
q22 1667 1667 1640 1640 0.01600 2.333e+6
q23 1800 1800 680 680 0.01933 4.667e+5
q24 2333 2333 1040 1040 0.01533 3.267e+6
q25 2733 2733 1160 1160 0.01800 1.633e+6
q26 1000 1000 920 920 0.01867 2.333e+5
q27 2600 2600 1760 1760 0.01200 9.333e+5
q28 2067 2067 2000 2000 0.01333 3.033e+6
q29 2867 2867 440 440 0.02000 1.867e+6
q30 1267 1267 320 320 0.01267 7e+5
q31 1933 1933 800 800 0.01733 1.167e+6
q32 3000 3000 200 200 0.01400 2.8e+6
Figure A.16: Description of ocean physics parameter perturbations 1
Version FNUB SI KAPPA0 SI DKAPPA DZ SI FNU0 SI
q0 3.5e-5 2e-5 9.01e-8 0.00600
q17 2e-5 1.5e-5 5.45e-8 0.00567
q18 3e-5 8e-6 8.41e-8 0.00667
q19 5.5e-5 1.3e-5 7.23e-8 0.00533
q20 1e-5 1e-5 2.80e-8 0.00550
q21 6.5e-5 9e-6 7.82e-8 0.00700
q22 1e-5 1.1e-5 4.26e-8 0.00433
q23 5e-5 1.4e-5 6.63e-8 0.00400
q24 7e-5 5e-6 4.85e-8 0.00733
q25 5e-6 1.9e-5 3.67e-8 0.00800
q26 8e-5 6e-6 9.6e-8 0.00500
q27 1.5e-5 1e-5 3.07e-8 0.00333
q28 4e-5 1.8e-5 7e-9 0.00467
q29 7.5e-5 1.2e-5 1.29e-8 0.00767
q30 2.5e-5 1.7e-5 2.48e-8 0.00633
q31 6e-5 1.6e-5 1.89e-8 0.00300
q32 4.5e-5 7e-6 6.04e-8 0.00367
Figure A.17: Description of ocean physics parameter perturbations 2
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Version L OQLARGE L OFULARGE LAMBDA DELTA SI EPSILON
q0 .TRUE. .FALSE. 0.3000 64.29 0.1471
q17 .FALSE. .TRUE. 0.5000 75.00 0.1500
q18 .FALSE. .TRUE. 0.5000 75.00 0.1500
q19 .TRUE. .FALSE. 0.7000 57.14 0.1414
q20 .TRUE. .FALSE. 0.7000 100.0 0.1500
q21 .TRUE. .FALSE. 0.6429 85.71 0.1700
q22 .TRUE. .FALSE. 0.4714 71.43 0.1357
q23 .TRUE. .FALSE. 0.5286 100.0 0.1529
q24 .TRUE. .FALSE. 0.5857 92.86 0.1586
q25 .FALSE. .TRUE. 0.5000 75.00 0.1500
q26 .FALSE. .TRUE. 0.5000 75.00 0.1500
q27 .TRUE. .FALSE. 0.4143 78.57 0.1300
q28 .FALSE. .TRUE. 0.5000 75.00 0.1500
q29 .FALSE. .TRUE. 0.5000 75.00 0.1500
q30 .FALSE. .TRUE. 0.5000 75.00 0.1500
q31 .TRUE. .FALSE. 0.3571 50.00 0.1643
q32 .FALSE. .TRUE. 0.5000 75.00 0.1500
Figure A.18: Description of ocean physics parameter perturbations 3
Version CRIT RI FL CRIT RI MAX LARGE DEPTH ETA2 SI
q0 0.2500 0.2500 65.33 0.0566
q17 0.2667 0.2667 60.00 0.0528
q18 0.2833 0.2833 73.33 0.0612
q19 0.3500 0.3500 68.00 0.0584
q20 0.3000 0.3000 80.00 0.0590
q21 0.4000 0.4000 62.67 0.0682
q22 0.3667 0.3667 94.67 0.0696
q23 0.4500 0.4500 76.00 0.0710
q24 0.3000 0.3000 84.00 0.0514
q25 0.4833 0.4833 78.67 0.0542
q26 0.4167 0.4167 92.00 0.0640
q27 0.4333 0.4333 89.33 0.0570
q28 0.3833 0.3833 100.00 0.0598
q29 0.5000 0.5000 70.67 0.0654
q30 0.3167 0.3167 86.67 0.0668
q31 0.3333 0.3333 81.33 0.0500
q32 0.4667 0.4667 97.33 0.0626
Figure A.19: Description of ocean physics parameter perturbations 4
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Figure A.20: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 3 mean climate (columns); SST (T3,
◦C), zonal surface wind stress
(τ 3, Pa), zonal surface ocean current (u3, m s
−1), meridional surface ocean current
(v3, m s
−1), upwelling ocean current (w3, m s−1), downward heat flux (Q3, W m
−2),
depth of 20◦C isotherm (z203, m). Differences larger than moving block bootstrap
errors are coloured red.
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Figure A.21: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 4 mean climate (columns); SST (T4,
◦C), zonal surface wind stress
(τ 4, Pa), zonal surface ocean current (u4, m s
−1), meridional surface ocean current
(v4, m s
−1), upwelling ocean current (w4, m s−1), downward heat flux (Q4, W m
−2),
depth of 20◦C isotherm (z204, m). Differences larger than moving block bootstrap
errors are coloured red.
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Figure A.22: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 3 s.d. seasonal anomalies (columns); SST (T3,
◦C), zonal surface
wind stress (τ3, Pa), zonal surface ocean current (u3, m s
−1), meridional surface
ocean current (v3, m s
−1), upwelling ocean current (w3, m s−1), downward heat flux
(Q3, W m
−2), depth of 20◦C isotherm (z203, m). Differences larger than moving
block bootstrap errors are coloured red.
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Figure A.23: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 4 mean climate (columns); SST (T4,
◦C), zonal surface wind stress
(τ4, Pa), zonal surface ocean current (u4, m s
−1), meridional surface ocean current
(v4, m s
−1), upwelling ocean current (w4, m s−1), downward heat flux (Q4, W m
−2),
depth of 20◦C isotherm (z204, m). Differences larger than moving block bootstrap
errors are coloured red.
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Figure A.24: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 4 BJ index components (columns); BJ index (BJ), mean current
damping (CD), thermodynamic damping (TD), zonal advective feedback (ZA), Ek-
man feedback (EK), thermocline feedback (TC). Differences larger than 95% confi-
dence interval errors are coloured red.
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Figure A.25: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 4 thermodynamic damping components (columns); thermodynamic
damping (-α), TD with added flux adjustment (FA) component (-α′), latent heat flux
damping (-αLH), LH damping with added FA component (-α
′
LH), sensible heat flux
damping (-αSH), longwave flux damping (-αLW ), shortwave flux damping (-αSW ).
Differences larger than 95% confidence interval errors are coloured red.
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Figure A.26: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 4 zonal advective feedback components (columns); zonal advective
feedback (ZA), mean zonal temperature gradient (dT/dx), zonal surface wind stress
response to SSTAs (µa), zonal surface ocean current response to wind stress anoma-
lies (βu). Differences larger than 95% confidence interval errors are coloured red.
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Figure A.27: The difference between HadCM3 PPE ensemble (rows) 1986-2015 and
reanalysis Nin˜o 4 thermocline feedback components (columns); thermocline feedback
(TC), mean upwelling ocean current (w/Hm), zonal surface wind stress response to
SSTAs (µa), thermocline response to wind stress anomalies (βh). Differences larger
than 95% confidence interval errors are coloured red.
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Figure A.28: The difference between HadCM3 PPE ensemble (Atm., rows) 2046-
2075 and 1986-2015 mean climate. Differences larger than natural variability (s.d.
1896-1985) are coloured red.
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Figure A.29: The difference between HadCM3 PPE ensemble (Oce., rows) 2046-
2075 and 1986-2015 mean climate. Differences larger than natural variability (s.d.
1896-1985) are coloured red.
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Figure A.30: The difference between HadCM3 PPE ensemble (Atm., rows) 2046-
2075 and 1986-2015 s.d. climate anomalies. Differences larger than natural variabil-
ity (s.d. 1896-1985) are coloured red.
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Figure A.31: The difference between HadCM3 PPE ensemble (Oce., rows) 2046-
2075 and 1986-2015 mean climate. Differences larger than natural variability (s.d.
1896-1985) are coloured red.
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Figure A.32: The difference between HadCM3 PPE ensemble (Atm., rows) 2046-
2075 and 1986-2015 BJ index and components. Differences larger than natural
variability (s.d. 1896-1985) are coloured red.
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Figure A.33: The difference between HadCM3 PPE ensemble (Oce., rows) 2046-2075
and 1986-2015 BJ index and components. Differences larger than natural variability
(s.d. 1896-1985) are coloured red.
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Figure A.34: The difference between HadCM3 PPE ensemble (Atm., rows) 2046-
2075 and 1986-2015 thermodynamic damping and components. Differences larger
than natural variability (s.d. 1896-1985) are coloured red.
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Figure A.35: The difference between HadCM3 PPE ensemble (Oce., rows) 2046-
2075 and 1986-2015 thermodynamic damping and components. Differences larger
than natural variability (s.d. 1896-1985) are coloured red.
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Figure A.36: The difference between HadCM3 PPE ensemble (Atm., rows) 2046-
2075 and 1986-2015 zonal advective feedback and components. Differences larger
than natural variability (s.d. 1896-1985) are coloured red.
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Figure A.37: The difference between HadCM3 PPE ensemble (Oce., rows) 2046-
2075 and 1986-2015 zonal advective feedback and components. Differences larger
than natural variability (s.d. 1896-1985) are coloured red.
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Figure A.38: The difference between HadCM3 PPE ensemble (Atm., rows) 2046-
2075 and 1986-2015 thermocline feedback and components. Differences larger than
natural variability (s.d. 1896-1985) are coloured red.
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Figure A.39: The difference between HadCM3 PPE ensemble (Oce., rows) 2046-
2075 and 1986-2015 thermocline feedback and components. Differences larger than
natural variability (s.d. 1896-1985) are coloured red.
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